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NI CATALYSTS AND METHODS FOR 
ALKANE DEHYDROGENATION 

This application is a divisional application of Ser. No. 
09/570,458, ?led on Feb. 22, 2000, US. Pat. No. 6,412,422 
B1, issued on Jul. 9, 2002. 

BACKGROUND OF INVENTION 

The present invention generally relates to catalysts and 
methods for alkane or alkene dehydrogenation and 
speci?cally, to Ni-containing catalysts and methods for 
oxidative dehydrogenation of alkanes or alkenes. The inven 
tion particularly relates, in preferred embodiments, to Ni 
oxide/mixed-metal oxide catalysts and methods for oxida 
tive dehydrogenation of alkanes or alkenes, and especially 
of C2 to C4 alkanes, and particularly, for oxidative dehy 
drogenation of ethane to ethylene. 

Ethylene can be produced by thermal cracking of 
hydrocarbons, by non-oxidative dehydrogenation of ethane, 
or by oxidative dehydrogenation of ethane (ODHE). The 
latter process is attractive for many reasons. For example, 
compared to thermal cracking, high ethane conversion can 
be achieved at relatively loW temperatures (about 400° C. or 
beloW). Unlike thermal cracking, catalytic ODHE is 
exothermic, requiring no additional heat to sustain the 
reaction. In contrast to catalytic non-oxidative 
dehydrogenation, catalyst deactivation by coke formation is 
relatively minimal in ODHE because of the presence of 
oxidant (e.g., molecular oxygen) in the reactor feed. Other 
alkanes can be similarly oxidatively dehydrogenated to the 
corresponding alkene. 

Thorsteinson and coWorkers have disclosed useful loW 
temperature ODHE catalysts comprising mixed oxides of 
molybdenum, vanadium, and a third transition metal. E. M. 
Thorsteinson et al., “The Oxidative Dehydrogenation of 
Ethane over Catalyst Containing Mixed Oxide of Molybde 
num and Vanadium,” 52 J. Catalysis 116—32 (1978). More 
recent studies examined families of alumina-supported 
vanadium-containing oxide catalysts, MV and MVSb, 
Where M is Ni, Co, Bi, and Sn. R. JuareZ LopeZ et al., 
“Oxidative Dehydrogenation of Ethane on Supported 
Vanadium-Containing Oxides,” 124 Applied Catalysis A: 
General 281—96 (1995). BaharadWaj et al. disclose oxidative 
dehydrogenation of ethane and other alkanes using a cata 
lysts of Pt, Rh, Ni or Pt/Au supported on alumina or Zirconia. 
See PCT Patent Application WO 96/33149. US. Pat. No. 
5,439,859 to Durante et al. discloses the use of reduced, 
sul?ded nickel crystallites on siliceous supports for dehy 
drogenation and successive oxidation of alkanes. Schuur 
man and coWorkers describe unsupported iron, cobalt and 
nickel oxide catalysts that are active in ODHE. Y. Schuur 
man et al., “LoW Temperature Oxidative Dehydrogenation 
of Ethane over Catalysts Based on Group VIII Metals,” 163 
Applied Catalysis A: General 227-35 (1997). Other inves 
tigators have also considered the use of nickel or nickel 
oxide as catalysts or catalyst components for oxidative 
dehydrogenation. See, for example, Ducarme et al., “LoW 
Temperature Oxidative Dehydrogenation of Ethane over 
Ni-based Catalysts”, 23 Catalysis Letters 97-101 (1994); 
US. Pat. No. 3,670,044 to Drehman et al.; US. Pat. No. 
4,613,715 to Haskell; US. Pat. No. 5,723,707 to Heyse et 
al.; US. Pat. No. 5,376,613 to Dellinger et al.; US. Pat. No. 
4,070,413 to Imai et al.; US. Pat. No. 4,250,346 to Young 
et al.; and US. Pat. No. 5,162,578 to McCain et al. 

Although nickel-containing catalysts are knoWn in the art 
for alkane dehydrogenation reactions, none of the knoWn 
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2 
nickel-containing catalysts have been particularly attractive 
for commercial applications—primarily due to relatively 
loW conversion and/or selectivity. Hence, a need exists for 
neW, industrially suitable catalysts and methods having 
improved performance characteristics (e.g., conversion and 
selectivity) for the oxidative dehydrogenation of alkanes. 

SUMMARY OF INVENTION 

It is therefore an object of the present invention to provide 
for neW, industrially suitable catalysts for oxidative dehy 
drogenation of alkanes to the corresponding alkenes. 

Brie?y, therefore, the invention is directed to methods for 
preparing an alkene, and preferably a C2 to C4 alkene, such 
as ethylene, from the corresponding alkane, such as ethane. 
In general, the method comprises providing the alkane (or 
substituted alkane), and preferably the C2 to C4 alkane (or 
substituted C2 to C4 alkane) and an oxidant to a reaction 
Zone containing a catalyst, and dehydrogenating the alkane 
to form the corresponding alkene. The oxidant is preferably 
a gaseous oxidant such as molecular oxygen, and is prefer 
ably provided, for example, as oxygen gas, air, diluted air or 
enriched air. The alkane is preferably oxidatively dehydro 
genated. The reaction temperature is preferably controlled, 
during the dehydrogenation reaction, to be less than about 
325° C., and preferably less than about 300° C. 
The catalyst comprises, in one embodiment, a major 

component consisting essentially of Ni, a Ni oxide, a Ni salt, 
or mixtures thereof, and (ii) one or more minor components 
consisting essentially of an element or compound selected 
from the group consisting of Ti, Ta, Nb, Co, Hf, W, Y, Zn, 
Zr, Al, oxides thereof and salts thereof, or mixtures of such 
elements or compounds. The catalyst preferably comprises 
Ni oxide and one or more of Ti oxide, Nb oxide, Ta oxide, 
Co oxide or Zr oxide. 

In another embodiment, the catalyst comprises a com 
pound having the formula I: 

NixAaBbCcOd (I), 

Where Ais an element selected from the group consisting of 
Ti, Ta, Nb, Hf, W, Y, Zn, Zr, Al, and mixtures of tWo or more 
thereof, B is an element selected from the group consisting 
of a lanthanide element, a group IIIA element, a group VA 
element, a group VIAelement, a group IIIB element, a group 
IVB element, a group VB element, a group VIB element, 
and mixtures of tWo or more thereof, C is an alkali metal, an 
alkaline earth metal or mixtures thereof, x is a number 
ranging from about 0.1 to about 0.96, a is a number ranging 
from about 0.04 to about 0.8, b is a number ranging from 0 
to about 0.5, c is a number ranging from 0 to about 0.5, and 
d is a number that satis?es valence requirements. 

In a further embodiment, the catalyst comprises a com 
pound having the formula (II) 

NixTij-TakNblLa*Sb,SnSBitCauKVMgWOd (11), 

Where La* is one or more lanthanide series elements 

selected from the group consisting of Lam, Cen, Pro, Ndp, 
Smq, x is a number ranging from about 0.1 to about 0.96, j, 
k and l are each numbers ranging from 0 to about 0.8 and the 
sum of (j+k+l) is at least about 0.04, m, n, o, p, q, r, s and 
t are each numbers ranging from 0 to about 0.1, and the sum 
of (m+n+o+p+q+r+s+t) is at least about 0.005, u, v and W are 
each numbers ranging from 0 to about 0.1, and d is a number 
that satis?es valence requirements. 

In still another embodiment, the catalyst comprises a 
Ni oxide, and (ii) an oxide of an element selected from the 
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group consisting of Ti, Ta, Nb, Co, Hf, W, Y, Zn, Zr, and Al, 
and the alkane is dehydrogenated to form the corresponding 
alkene With an alkane conversion of at least about 10% and 
an alkene selectivity of at least about 70%. Ethane conver 
sion is preferably at least about 15% and more preferably at 
least about 20%. Ethylene selectivity is, in combination With 
any of the preferred conversion values, preferably at least 
about 80%, and more preferably at least about 90%. 

In one embodiment, the catalyst is a calcination product 
of a catalyst precursor composition comprising Ni, a Ni 
oxide, a Ni salt or mixtures thereof, and (ii) an element or 
compound selected from the group consisting of Ti, Ta, Nb, 
Co, Hf, W, Y, Zn, Zr, Al, oxides thereof and salts thereof, or 
mixtures of such elements or compounds. 

In yet another embodiment, the alkane is co-fed to a 
reaction Zone With the corresponding alkene, such that the 
alkane is dehydrogenated to form the alkene in a reaction 
Zone comprising the corresponding alkene in a molar con 
centration of at least about 5%, relative to total moles of 
hydrocarbon. The alkane conversion in such embodiment is 
preferably at least about 5%, and the alkene selectivity is 
preferably at least about 50%. In a preferred approach, the 
alkane dehydrogenation is effected in a multi-stage reactor, 
such that the alkane (or substituted C2 to C4 alkane) and 
gaseous oxidant are fed to a ?rst reaction Zone containing the 
catalyst, the alkane is dehydrogenated therein to form the 
corresponding alkene, the product stream comprising the 
corresponding alkene and unreacted alkane are exhausted 
from the ?rst reaction Zone and then fed to a second reaction 
Zone, together With additional, supplemental gaseous 
oxidant, and the alkane is dehydrogenated to form the 
corresponding alkene in the second reaction Zone. 

The invention also directed to nickel-containing mixed 
metal oxide compositions and catalysts, as characteriZed 
above, and to methods for preparing the same. 

Such catalysts and methods have advantageous perfor 
mance characteristics for oxidative dehydrogenation of 
alkanes to their corresponding alkene, and particularly for 
dehydrogenation of unsubstituted or substituted C2 to C4 
alkanes to the corresponding alkene(s). The conversion, 
selectivity, space velocity, catalyst stability and reaction 
temperature for oxydehydrogenation of ethane to ethylene 
are particularly attractive. 

Other features, objects and advantages of the present 
invention Will be in part apparent to those skilled in art and 
in part pointed out hereinafter. All references cited in the 
instant speci?cation are incorporated by reference for all 
purposes. Moreover, as the patent and non-patent literature 
relating to the subject matter disclosed and/or claimed herein 
is substantial, many relevant references are available to a 
skilled artisan that Will provide further instruction With 
respect to such subject matter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A and FIG. 1B are schematic representations of 
exemplary reaction system con?gurations, speci?cally 
involving product stream recycle (FIG. 1A) and multi-stage 
reaction Zones (FIG. 1B). 

FIG. 2A and FIG. 2B are graphs shoWing ethane conver 
sion (open circles) and ethylene selectivity (closed circles) 
data versus time on stream during the 400 hour lifetime test 
in the parallel ?xed bed reactor at 275° C. for 

NiO.75TaO.28SnO.O3Ox (FIG~ 2A) and NiO.71NbO.27COO.O2Ox 
(FIG. 2B). 

DETAILED DESCRIPTION OF THE 
INVENTION 

According to the present invention, an alkane or alkene is 
oxidatively dehydrogenated over a nickel catalyst to form 
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4 
one or more corresponding alkene(s) or dialkene, 
respectively, and Water. The oxidative dehydrogenation 
reaction can be represented (for alkane reactants) as: 

The catalysts of the invention generally comprise nickel or a nickel-containing compound and (ii) at least one 

or more of titanium (Ti), tantalum (Ta), niobium (Nb), cobalt 
(Co), hafnium (Hf), tungsten (W), yttrium (Y), Zinc (Zn), 
Zirconium (Zr), or aluminum (Al), or a compound contain 
ing one or more of such element(s). 

In one embodiment of the invention, the nickel catalyst 
comprises Ni, a Ni oxide, a Ni salt, or mixtures thereof 
as a major component, and (ii) an element or compound 
selected from the group consisting of Ti, Ta, Nb, Co, Hf, W, 
Y, Zn, Zr,Al, oxides thereof and salts thereof, or mixtures of 
such elements or compounds as one or more minor compo 

nents. As used herein, the “major component” is the com 
ponent of the catalytically active compound or composition 
having the highest concentration on an atomic basis. “Minor 
components” are components of the catalytically active 
compound or composition that do not have the highest 
concentration on an atomic basis. In general, one of the 
aforementioned metal components may be present as in 
elemental form, as an oxide, and/or as a salt depending on 
the nature and extent of calcination. 
The major component of the catalyst preferably consists 

essentially of a Ni oxide. The major component of the 
catalyst can, hoWever, also include various amounts of 
elemental Ni and/or Ni-containing compounds, such as Ni 
salts. The Ni oxide is an oxide of nickel Where nickel is in 
an oxidation state other than the fully-reduced, elemental 
NiO state, including oxides of nickel Where nickel has an 
oxidation state of Ni”, Ni+3, or a partially reduced oxidation 
state. The Ni salts can include any stable salt of nickel, 
including, for example, nitrates, carbonates and acetates, 
among others. The amount of nickel oxide (NiO) present in 
the major component is at least about 10%, preferably at 
least about 20%, more preferably at least about 35%, more 
preferably yet at least about 50% and most preferable at least 
about 60%, in each case by moles relative to total moles of 
the major component. Without being bound by theory not 
speci?cally recited in the claims, the Ni and/or Ni oxide acts 
as a redox-active metal center for the oxydehydrogenation 
reaction. 
The one or more minor component(s) of the catalyst 

preferably consist essentially of an element or compound 
selected from the group consisting of Ti, Ta, Nb, Co, Hf, W, 
Y, Zn, Zr,Al, oxides thereof and salts thereof, or mixtures of 
such elements or compounds. The minor component(s) more 
preferably consist essentially of one or more of the folloW 
ing groupings of elements, oxides thereof, salts thereof, or 
mixtures of the same: Ti, Ta, Nb, Hf, W, Y, Zn, Zr, Al, (ii) 
Ti, Ta, Nb, Hf, W and Y; (iii) Ti, Ta, Nb, Hf and W; (iv) Ti, 
Ta, Nb, Co and Zr (v) Ti, Ta, Nb and Co, (vi) Ti, Ta, Nb and 
Zr, and (vii) Ti, Ta and Nb. The minor component can 
likeWise consist essentially of each of the aforementioned 
minor-component elements (Ti, Ta, Nb, Co Hf, W, Y, Zn, Zr 
or Al) individually, oxides thereof, salts thereof, or mixtures 
of the same. With respect to each of the aforementioned 
groupings of elements or individual elements, the minor 
component(s) preferably consist essentially of oxides of one 
or more of the minor-component elements, but can, 
hoWever, also include various amounts of such elements 
and/or other compounds (e.g., salts) containing such ele 
ments. An oxide of such minor-component elements is an 
oxide thereof Where the respective element is in an oxidation 
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state other than the fully-reduced state, and includes oxides 
having an oxidation states corresponding to knoWn stable 
valence numbers, as Well as to oxides in partially reduced 
oxidation states. Salts of such minor-component elements 
can be any stable salt thereof, including, for example, 
nitrates, carbonates and acetates, among others. The amount 
of the oxide form of the particular recited elements present 
in one or more of the minor component(s) is at least about 
5%, preferably at least about 10%, preferably still at least 
about 20%, more preferably at least about 35%, more 
preferably yet at least about 50% and most preferable at least 
about 60%, in each case by moles relative to total moles of 
the particular minor component. Without being bound by 
theory not speci?cally recited in the claims, the one or more 
?rst minor components provide a matrix environment for the 
Ni/Ni oxide active metal center and help maintain the active 
metal center Well dispersed. Although the ?rst minor com 
ponents can themselves be redox inactive under reaction 
conditions, particularly to oxygen and hydrocarbons, they 
are nonetheless considered to be a component of the cata 
lytically active compound or composition. As noted beloW, 
the ?rst minor component can also have a support or carrier 
functionality. 

In another, preferred embodiment, the nickel catalyst can 
comprise a major component consisting essentially of Ni 
oxide; and (ii) a minor component consisting essentially of 
one or more of the folloWing oxides, considered individually 
or collectively in the various permutations: Ti oxide, Ta 
oxide, and/or Nb oxide, optionally together With one or more 
of Hf oxide, W oxide, and/or Y oxide, optionally together 
With one or more of Zn oxide, Zr oxide and/or Al oxide. 

In addition to the aforementioned minor component(s) of 
the catalyst (generally referred to hereinafter as “?rst minor 
components”), the catalyst can additionally comprise one or 
more second minor components. The second minor 
component(s) can consist essentially of an element or com 
pound selected from the group consisting of a lanthanide 
element, a group IIIA element, a group VA element, a group 
VIA element, a group IIIB element, a group IVB element, a 
group VB element, a group VIB element, oxides thereof and 
salts thereof, or mixtures of such elements or compounds. 
The second minor component preferably consists essentially 
of an element or compound selected from the group con 

sisting of La, Ce, Pr, Nd, Sm, Sb, Sn, Bi, Pb, Tl, In, Te, Cr, 
V, Mn, Mo, Fe, Co, Cu, Ru, Rh, Pd, Pt, Ag, Cd, Os, Re, Ir, 
Au, Hg, oxides thereof and salts thereof, or mixtures of such 
elements or compounds. More preferably, the second minor 
component consists essentially of an element or compound 
selected from the group consisting of La, Ce, Pr, Nd, Sm, Sb, 
Sn, Bi, Co, Ag, Cr, oxides thereof and salts thereof, or 
mixtures of such elements or compounds. If Co is consid 
ered Within the group of ?rst minor components, it can be 
excluded from the aforementioned groups of second minor 
components. The second minor component is preferably an 
oxide of one of the aforementioned second-minor 
component elements. The oxides and salts can be as 
described above in connection With the ?rst-minor compo 
nents. Without being bound by theory not speci?cally 
recited in the claims, the second minor component can be 
redox active components With respect to enhancing the 
redox potential of the Ni/Ni oxide active metal centers. 

The catalyst can also include, as yet a further (third) minor 
component(s), one or more of an element or compound 
selected from the group consisting of the alkali metals, the 
alkaline earth metals, oxides thereof, and salts thereof, or 
mixtures of such elements or compounds. Preferably, the 
third minor component consists essentially of an element or 
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6 
compound selected from the group consisting of Ca, K, Mg, 
Sr, Ba, Li and Na, most preferably Ca, K and Mg, and in 
either case, oxides thereof and salts thereof, or mixtures of 
such elements or compounds. The third minor component is 
preferably an oxide of one of the aforementioned third 
minor-component elements. The oxides and salts can be as 
described above in connection With the ?rst-minor compo 
nents. Without being bound by theory not speci?cally 
recited in the claims, the third minor components are pref 
erably basic metal oxides, and as such, can be employed to 
optimiZe the acidity or basicity, in particular With respect to 
selectivity. 
The catalyst can include other components as Well, and 

can be part of a composition that includes other components 
or agents (e.g., diluents, binders and/or ?llers, as discussed 
beloW) as desired in connection With the reaction system of 
interest. 

In a further embodiment, the nickel catalyst of the inven 
tion can be a material comprising a mixed-metal oxide 
compound having the formula (I): 

NixAaBbCcOd (I), 

Where, A, B, C, x, a, b, c and d are described beloW, and can 
be grouped in any of the various combinations and permu 
tations of preferences, some of Which are speci?cally set 
forth herein. 

In formula I, “x” represents a number ranging from about 
0.1 to about 0.96. The number x preferably ranges from 
about 0.3 to about 0.85, more preferably from about 0.5 to 
about 0.9, and even more preferably from about 0.6 to about 
0.8. 

In formula I, “A” represents an element selected from the 
group consisting of Ti, Ta, Nb, Hf, W, Y, Zn, Zr and Al, or 
mixtures of tWo or more thereof. A is preferably Ti, Ta, Nb, 
Hf, W or Y, even more preferably Ti, Ta, Nb, Hf or W, and 
still more preferably Ti, Ta or Nb, or, in each case, mixtures 
thereof. The letter “a” represents a number ranging from 
about 0.04 to about 0.9, preferably from about 0.04 to about 
0.8, more preferably from about 0.04 to about 0.5, even 
more preferably from about 0.1 to about 0.5, still more 
preferably from about 0.15 to about 0.5 and most preferably 
from about 0.3 to about 0.4. 

In formula I, “B” represents an element selected from the 
group consisting of a lanthanide element, a group IIIA 
element, element, a group VAelement, a group VIAelement, 
a group VIIA element, a group VIIIA element, a group IB 
element, a group IIB element, a group IIIB element, a group 
IVB element, a group VB element, a group VIB element, 
and mixtures of tWo or more thereof. As used herein, 
periodic table subgroup designations are those recom 
mended by the International Union of Pure and Applied 
Chemistry (IUPAC), such as shoWn on the Periodic Table of 
the Elements, Learning Laboratories, Inc. (1996). B is 
preferably an element selected from the group consisting of 
La, Ce, Pr, Nd, Sm, Sb, Sn, Bi, Pb, Tl, In, Te, Cr, V, Mn, Mo, 
Fe, Co, Cu, Ru, Rh, Pd, Pt, Ag, Cd, Os, Re, Ir, Au, and Hg. 
B is more preferably an element selected from the group 
consisting of La, Ce, Pr, Nd, Sm, Sb, Sn, Bi, Co, Cr and Ag. 
The letter “b” represents a number ranging from 0 to about 
0.5, more preferably from 0 to about 0.4, even more pref 
erably from 0 to about 0.2, still more preferably from 0 to 
about 0.1, and most preferably from 0 to about 0.05. 

In formula I, C is an alkali metal, an alkaline earth metal 
or mixtures thereof. C is preferably an element selected from 
the group consisting of Ca, K, Mg, Li, Na, Sr, Ba, Cs and Rb, 
and is more preferably an element selected from the group 
consisting of Ca, K and Mg. The letter “c” represents a 
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number ranging from 0 to about 0.5, more preferably from 
0 to about 0.4, even more preferably from 0 to about 0.1, and 
most preferably from 0 to about 0.05. 

In formula I, “O” represents oxygen, and “d” represents a 
number that satis?es valence requirements. In general, “d” is 
based on the oxidation states and the relative atomic frac 
tions of the various metal atoms of the compound of formula 
I (e.g., calculated as one-half of the sum of the products of 
oxidation state and atomic fraction for each of the metal 
oxide components). 

In one preferred mixed-metal oxide embodiment, Where, 
With reference to formula I, “b” and “c” are each Zero, the 
catalyst material can comprise a compound having the 
formula I-A: 

NixAaOd 

Where Ni is nickel, O is oxygen, and Where “x”, “A”, “a” and 
“d” are as de?ned above. 

In another preferred mixed-metal oxide embodiment, With 
reference to formula I, the sum of (a+b+c) is preferably less 
than or not more than about 0.9, is preferably not more than 
about 0.7, and is even more preferably not more than about 
0.5, and moreover, this sum preferably ranges from about 
0.04 to about 0.6, more preferably from about 0.1 to about 
0.5 and most preferably from about 0.1 to about 0.4. 

In still another preferred mixed-metal oxide embodiment, 
With reference to formula I, the sum of (a+b+c) is preferably 
less than or not more than about 0.5, is preferably not more 
than about 0.4, and is even more preferably not more than 
about 0.3, and moreover, this sum preferably ranges from 
about 0.04 to about 0.5, more preferably from about 0.1 to 
about 0.4 and most preferably from about 0.1 to about 0.3. 

In an additional preferred mixed-metal oxide 
embodiment, With reference to formula I: A is Ti, Ta, Nb or 
Zr, or preferably, Ti, Ta or Nb; B is La, Ce, Pr, Nd, Sm, Sb, 
Sn, Bi, Cr, Co or Ag, or preferably, La, Ce, Pr, Nd, Sm, Sb, 
Sn or Bi; and C is Ca, K or Mg. In this embodiment, x ranges 
from about 0.1 to about 0.96, and preferably from about 0.5 
to about 0.96, a ranges from about 0.3 to about 0.5, c ranges 
from about 0.01 to about 0.09, and preferably from about 
0.01 to about 0.05, and d is a number that satis?es valence 
requirements. 

In a further preferred mixed-metal oxide embodiment, 
With reference to formula I, A is Ti and Ta in combination, 
Ti and Nb in combination, or Ta and Nb in combination, B 
is La, Ce, Pr, Nd, Sm, Sb, Sn, Bi, Co, Cr and Ag, and C is 
Ca, K or Mg. In this embodiment, x ranges from about 0.1 
to about 0.96, and preferably from about 0.5 to about 0.96, 
a ranges from about 0.3 to about 0.5, c ranges from about 
0.01 to about 0.09, and preferably from about 0.01 to about 
0.05, and d is a number that satis?es valence requirements. 

In a particularly preferred mixed-metal oxide 
embodiment, With reference to formula I, Ais Ti, B is Sb, Sn, 
Bi, Co, Ag or Ce and C is Sr, Ca, Mg or Li. In this 
embodiment, x ranges from about 0.5 to about 0.9, a ranges 
from about 0.15 to about 0.4, c ranges from 0 to about 0.05, 
and d is a number that satis?es valence requirements. 

In another particularly preferred mixed-metal oxide 
embodiment, With reference to formula I, A is Ta, B is Sb, 
Sn, Bi, Co, Ag or Ce and C is Sr, Ca, Mg or Li. In this 
embodiment, x ranges from about 0.5 to about 0.9, a ranges 
from about 0.15 to about 0.4, c ranges from 0 to about 0.05, 
and d is a number that satis?es valence requirements. 

In a further particularly preferred mixed-metal oxide 
embodiment, With reference to formula I, A is Nb, B is Sb, 
Sn, Bi, Co, Ag or Ce and C is Sr, Ca, Mg or Li. In this 
embodiment, x ranges from about 0.5 to about 0.9, a ranges 
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8 
from about 0.15 to about 0.4, c ranges from 0 to about 0.05, 
and d is a number that satis?es valence requirements. 

In still a further preferred embodiment, the nickel catalyst 
of the invention can be a material comprising a mixed-metal 
oxide compound having the formula II: 

Where “x” and “d” are as described above, and La*, j, k, l, 
r, s, t, u, v and W are described beloW, together With preferred 
relationships betWeen respective elements. The various 
recited elements of formula II can be grouped in any of the 
various combinations and permutations of preferences, some 
of Which are speci?cally set forth herein. 

In formula II, each of “j”, “k” and “I” represent a number 
ranging from 0 to about 0.8, preferably from 0 to about 0.5, 
and more preferably from 0 to about 0.4. The sum of (j+k+l) 
is at least about 0.04, preferably at least about 0.15, and 
more preferably at least about 0.3. 

In formula II, La* refers to one or more lanthanide series 
elements selected from the group consisting of Lam, Cen, 
Pro, Ndp, Smq, and preferably. Each of “m”, “n”, “o”, “p”, 
“q”, “r”, “s” and “t” refer to numbers ranging from 0 to about 
0.2, preferably from Zero to about 0.1, and more preferably 
from Zero to about 0.05. The sum of (m+n+o+p+q+r+s+t) is 
preferably at least about 0.005, more preferably at least 
about 0.01, and can, in some embodiments, be at least about 
0.05. 

In formula II, each of “u”, “v” and “W” refer to numbers 
ranging from 0 to about 0.4, preferably from 0 to about 0.1 
and more preferably from 0 to about 0.05 . 
The nickel catalyst of the invention is preferably a sup 

ported catalyst. The catalyst can therefore further comprise, 
in addition to one or more of the aforementioned compounds 
or compositions, a solid support or carrier. The support is 
preferably a porous support, With a pore siZe typically 
ranging, Without limitation, from about 2 mm to about 100 
nm and With a surface area typically ranging, Without 
limitation, from about 5 m2/g to about 300 m2/g. The 
particular support or carrier material is not narroWly critical, 
and can include, for example, a material selected from the 
group consisting of silica, alumina, Zeolite, activated carbon, 
titania, Zirconia, magnesia, Zeolites and clays, among others, 
or mixtures thereof. Preferred support materials include 
titania, Zirconia, alumina or silica. In some cases, Where the 
support material itself is the same as one of the preferred 
components (e.g., A12, 03 for Al as a minor component), the 
support material itself may effectively form a part of the 
catalytically active material. In other cases, the support can 
be entirely inert to the dehydrogenation reaction of interest. 
Titania is a particularly preferred support, and can be 
obtained, for example, from commercial vendors such as 
Norton, Degussa or Engelhardt. 

General approaches for preparing the nickel catalysts of 
the present invention—as supported or unsupported 
catalysts—are Well knoWn in the art. Exemplary approaches 
include, for example, sol-gel, freeZe drying, spray drying, 
precipitation, impregnation, incipient Wetness, spray 
impregnation, ion exchange, Wet mix/evaporation, dry mix/ 
compacting, high coating, ?uid bed coating, bead coating, 
spin coating, physical vapor deposition (sputtering, electron 
beam evaporation, laser ablation) and chemical vapor 
deposition, among others. The particular technical or non 
technical technique employed is not narroWly critical. Pre 
ferred approaches, include, for example, impregnation 
techniques, precipitation techniques, sol-gel, evaporation, 
incipient Wetness and spray drying, among others. The 
catalyst may take any suitable forms (e.g., granular, tablets, 
etc.), as discussed in greater detail beloW. 
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According to one exemplary approach for preparing a 
supported mixed-metal oxide catalyst of the invention, a 
composition comprising each of the desired elements of the 
active oxide components of the catalyst (i.e., the major 
component and one or more minor components) can be 
formed, and then optionally calcined to form the corre 
sponding mixed-metal oxide. The pre-calcination composi 
tion can be formed, in the ?rst instance for example, in a 
liquid state as a solution, dispersion, slurry or sol, by 
combining the major component, the ?rst minor 
component(s), and optionally, the second and/or third minor 
component(s). The pre-calcination composition can then be 
formed as a solid having the same relative ratios of the 
various components, for example, by being impregnated 
into, situated on, or formed in-situ With the support or carrier 
(e.g., via precipitation or sol-gel approaches). For example, 
a pre-calcination composition formed as a solution or dis 
persion can be impregnated into or onto the support, and 
then dried. Alternatively, pre-calcination solution or disper 
sion can be precipitated, recovered and then dried. A pre 
calcination sol can be cured (gelled) to form the correspond 
ing solid composition. In any case, pre-calcination 
compositions can be otherWise treated (e.g., heated) as 
desired (e.g., to drive off solvents). 

Preferred pre-calcination compositions of the invention 
can comprise, or alternatively consist essentially of, a com 
pound represented by Formula I-B: 

NixAaBbcc (I-B), 

or salts thereof, Where “x”, “A”, “B”, “C”, “a”, “b” and “c” 
are each as de?ned above in connection With the preferred 
mixed-oxide catalyst. A particularly preferred pre 
calcination composition can comprise, or alternatively con 
sist essentially of, a compound represented by Formula II-B: 

NixTil-TakNblLa*Sb,SnSBitCauKVMgW (II-B), 

or salts thereof, Where “x”, “j”, “k”, “La*”, “r”, “s”, “t”, “u”, 
“v” and “W” are each as de?ned above in connection With 
the preferred mixed-oxide catalyst. The preferred pre 
calcination compositions can be in a liquid state (e.g., 
solution, dispersion, slurry or sol) or a solid state. 

According to one method for forming the preferred pre 
calcination composition, salts of the various elements are 
combined to form a solution or liquid dispersion thereof, 
(“precursor solutions”). The metal salt precursor solutions 
are preferably aqueous solutions, and can typically include 
metal cations With counterions selected from nitrates, 
acetates, oxalates, and halides, among others. The metal salt 
precursor solutions can also be organic solutions or sol-gels 
comprising such metal cations and counterions, as Well as 
other counterions (e.g., alkoxides). When halides are used as 
a counterion, the resulting catalyst is preferably subse 
quently rinsed extensively (e.g., With Water) to remove 
halide. Particularly preferred salts for Ni, Ti, Nb, Ta and Zr 
include, for example, nickel nitrate, titanium oxalate, nio 
bium oxalate, tantalum oxalate, and Zirconium oxalate. The 
mixed-metal salt solutions can then be impregnated into a 
support, preferably a titania support. The volume of mixed 
metal salt solutions used for impregnating the catalyst Will 
depend on the pore volume of the support, and can typically 
range from about 0.1 to about 2, preferably from about 0.1 
to about 1 times the pore volume thereof. The pH is 
preferably maintained at about 2 to about 6. The catalyst 
impregnated support can then be dried, preferably at reduced 
pressure (i.e., under vacuum), at a temperature ranging from 
about 20° C. to about 100° C. for a period of time ranging 
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10 
from about 5 minutes to about 2 hours to form a semi-solid 
or solid pre-calcination composition. 

According to an alternative approach, various aqueous 
solutions comprised of Water-soluble metal precursors can 
be combined in proper volumetric ratios to obtain combined 
solutions (or mixtures) having desired metal compositions. 
Water can be separated from the metal-salt components of 
the combined solutions (or mixtures) by lyophiliZation, 
precipitation and/or evaporation. LyophiliZation refers to 
freeZing the resulting mixture (e.g., under liquid nitrogen), 
and then placing the mixture in a high vacuum so that the 
Water (ice) sublimes, leaving behind mixtures of dry metal 
precursors. Precipitation refers to separating dissolved metal 
ions by adding one or more chemical reagents that Will 
precipitate sparingly soluble salts of the metal ions. Such 
chemical reagents may provide ions that shift ionic equilib 
rium to favor formation of insoluble metal salts (common 
ion effect), or may bind With metal ions to form uncharged, 
insoluble coordination compounds (complexation). In 
addition, such reagents may oxidiZe or reduce metal ions to 
form ionic species that produce insoluble salts. Other pre 
cipitation mechanisms include hydrolysis, in Which metal 
ions react With Water in the presence of a Weak base to form 
insoluble metal salts, or the addition of agents (e.g., 
alcohols) that affect the polarity of the solvent. Regardless of 
the particular mechanism, the precipitate can be separated 
from the remaining solution by ?rst centrifuging the solu 
tions and then decanting the supernatant; residual Water can 
be removed by evaporation of Water from the precipitates to 
form a semi-solid or solid pre-calcination composition. 
Evaporation refers to removing Water by heating and/or 
under vacuum to form a semi-sold or solid pre-calcination 
composition. 
The solid pre-calcination composition can be calcined 

according to methods knoWn in the art. Calcination condi 
tions can affect the activity of the catalyst, and can be 
optimiZed by a person of skill in the art, particularly in 
connection With a particular catalyst composition and/or 
dehydrogenation reaction conditions. Calcination is, Without 
limitation, preferably effected at temperatures ranging from 
about 250° C. to about 600° C., and more preferably from 
about 275° C. to about 400° C. The calcination is preferably 
effected for period of time, and at a temperature suf?cient to 
provide the desired metal oxide catalyst composition. 
Typically, calcination is effected for a total, cumulative 
period of time of at least about 0.1 hour, and typically at least 
about 1 hour, With actual calcination times depending on 
temperature according to approaches knoWn in the art. The 
calcination environment is preferably an oxidiZing environ 
ment (e.g., comprising air or other source of molecular 
oxygen), but can also be an inert environment. In the case of 
inert calcination, oxidation of the metal components of the 
catalyst can be effected in situ during the reaction, by 
oxidiZing under reaction conditions. Hence, calcination can 
be effected prior to loading the catalyst into a reaction Zone, 
or alternatively, can be effected in situ in the reaction Zone 
prior to the reaction. Finally, regardless of the particular 
approach used to form the catalyst, the solid pre-calcination 
composition or the calcination product (catalyst) can be 
ground, pelletiZed, pressed and/or sieved to ensure a con 
sistent bulk density among samples and/or to ensure a 
consistent pressure drop across a catalyst bed in a reactor. 
Further processing can also occur, as discussed beloW. 
The active catalyst of the invention can be included in a 

catalyst composition comprising other, inactive compo 
nents. The catalyst may, for example, be diluted (e.g., have 
its concentration reduced) With binders and/or inert ?llers, 
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Which are known to those of skill in the art, including for 
example quartz chips, sand or cement. Diluents may be 
added to the catalyst in the range of from about 0 to about 
30% by volume, preferably in the range of from about 10 to 
about 25% by volume. Preferred diluents can improve the 
heat removal or heat transfer of the catalyst to help avoid hot 
spots or to modify hot spots. Binders generally provide 
mechanical strength to the catalyst and may be added in the 
range of from about 0—30% by volume, preferably in the 
range of from about 5 to about 25% by volume. Useful 
binders include silica sol, silica, alumina, diamataceous 
earth, hydrated Zirconia, silica aluminas, alumina 
phosphates, naturally occurring materials and cement and 
combinations thereof. See, e.g., the discussion of supports, 
shapes, binders and ?llers in US. Pat. Nos. 5,376,613, 
5,780,700 and 4,250,346, each of Which is incorporated 
herein by reference for all purposes. The percentages or 
amounts of binders, ?llers or organics referred to herein 
relate to the starting ingredients prior to calcination. Thus, 
the above is not intended to imply statements on the actual 
bonding ratios, to Which the invention is not restricted; for 
example during calcination other phases may form. 

The catalyst or catalyst composition is provided to a 
reaction Zone of a reactor. The reactor is preferably a 

?xed-bed ?oW reactor, but other suitable reactor designs— 
including batch reactors and How reactors (e.g., ?uidized 
bed reactors)—can also be employed. The catalyst is pref 
erably provided in the reaction Zone (e.g., in a ?xed-bed) as 
a supported catalyst, but may also be provided as an unsup 
ported catalyst (e.g., bulk, pelletiZed catalyst). The catalyst 
may take any form, including poWder, split, granular, pellets 
or a shaped catalyst, such as tablets, rings, cylinders, stars, 
ripped bodies, extrudates, etc., each of Which are knoWn to 
those of skill in the art. For example, the shaping of the 
mixture of starting composition may be carried out by 
compaction (for example tableting or extrusion) With or 
Without a prior kneading step, if necessary With addition of 
conventional auxiliaries (e.g., graphite or stearic acid or its 
salts as lubricants). In the case of unsupported catalysts, the 
compaction gives the desired catalyst geometry directly. 
HolloW cylinders may have an external diameter and length 
of from 2 to 10 mm and a Wall thickness of from 1 to 3 mm. 
Generally, the mixture of starting composition metal may be 
shaped either before or after the calcination. This can be 
carried out, for example, by comminuting or grinding the 
mixture before or after calcination and applying it to inert 
supports to produce coated catalysts. 
As discussed in greater detail beloW, co-catalysts can also 

be provided to the reaction Zone, together With the catalyst 
of the present invention (in separate phases or as an inte 
grated catalyst composition). 
An alkane or other reactant to be dehydrogenated is 

provided to the reaction Zone of the reactor containing the 
catalyst. Typically and preferably, the dehydrogenation sub 
strate reactant is provided to the reaction Zone as a gas or in 
a gaseous state. Liquid reactants can be vaporiZed by meth 
ods and devices knoWn in the art and entrained in a moving 
stream of gaseous ?uid. 

The alkane can be substituted or unsubstituted. The alkane 
is preferably an alkane having from 2 to 6 carbon atoms (a 
“C2 to C6 alkane”) or a substituted C2 to C6 alkane, and 
preferably an alkane having from 2 to 4 carbon atoms (a “C2 
to C4 alkane”) or a substituted C2 to C4 alkane. Preferred C2 
to C6 alkane reactants include ethane, propane, isopropanol, 
n-butane, isobutane, and isopentane, With ethane being 
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12 
particularly preferred. The oxidative dehydrogenation reac 
tion for conversion of ethane to ethylene is representative: 

The corresponding alkenes for other preferred C2 to C4 
alkanes include propylene (from propane), acetone (from 
isopropanol), 1-butene and/or 2-butene (from n-butane), 
isobutene (from isobutane), isoamylenes (from isopentane), 
and isoprene. Preferred substituted C2 to C4 alkanes include 
halide-substituted C2 to C4. For example, ethyl chloride can 
be oxidatively dehydrogenated using the catalysts and meth 
ods described herein to form the vinyl chloride. 

Although the present invention is described and exempli 
?ed primarily in connection With dehydrogenation of the 
aforementioned alkanes, dehydrogenation of other alkanes 
using the catalysts and methods disclosed herein is also 
contemplated, and is Within the scope of the invention. For 
example, cyclohexane can be oxidatively dehydrogenated 
over the nickel catalysts of the invention to form benZene. 
Moreover, the nickel catalysts of the invention can also be 
used for dehydrogenating other hydrocarbon substrates, 
such as alkenes, to one or more dehydrogenation product(s). 
The dehydrogenation of butene to form a butadiene, and the 
dehydrogenation of isoamylenes to form isoprene are exem 
plary. 
An oxidant is also provided to the reaction Zone of the 

reactor containing the catalyst. The oxidant is preferably a 
gaseous oxidant, but can also include a liquid oxidant or a 
solid-state oxidant. The gaseous oxidant is preferably 
molecular oxygen, and can be provided as oxygen gas or as 
an oxygen-containing gas. The oxygen containing gas can be 
air, or oxygen or air that has been diluted With one or more 
inert gases such as nitrogen. Other gaseous oxidants, such as 
N20 or NOx can also be used in the oxidative dehydroge 
nation reaction. In cases in Which the alkane is oxidatively 
dehydrogenated in the substantial absence of a gaseous 
oxidant during the reaction (e.g., using a solid oxidant), the 
oxidant may be periodically regenerated—either by periodi 
cally WithdraWing the catalyst from the reaction Zone or by 
regenerating the catalyst in situ in the reaction Zone (during 
or in-betWeen reaction runs). 
The sequence of providing the catalyst, reactant and 

oxidant to the reaction Zone is not critical. Typically, the 
catalyst is provided in advance (or as noted above, even 
formed in situ in the reaction vessel from a pre-calcination 
composition), and the alkane gas and oxidant gas are pro 
vided subsequently—either together as a mixed gas through 
a common feed line, or alternatively, separately, but 
simultaneously, through different feed lines. In general, the 
simultaneous supply of alkane and gaseous oxidant to the 
reaction Zone is referred to as “co-feed” regardless of the 
particular feed con?guration employed. 

The amount of catalyst loaded to the reaction Zone of the 
reactor, together With the relative amounts of alkane (or 
other reactant) and oxidant provided to the reaction Zone, 
can vary, and are preferably controlled—together With reac 
tion conditions, as discussed beloW—to effect the dehydro 
genation reaction With favorable and industrially attractive 
performance characteristics. In general, the catalyst loading 
to the reaction Zone Will vary depending on the type of 
reactor, the siZe of the reaction Zone, the form of the catalyst, 
required contact times, and/or the desired amount or ?oW 
rates of reactants and/or products. The absolute amount of 
alkane or other reactant and oxidant can likeWise vary, 
depending primarily on the aforementioned factors, and can 
be optimiZed by persons of skill in the art to achieve the best 
performance. In general, loWer oxidant concentration tends 
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to limit the extent of over-oxidation, and therefore, favor 
higher alkene selectivity. Such loWer oxidant 
concentrations, hoWever, can also adversely affect the alkane 
conversion. For conversion of ethane to ethylene using 
molecular oxygen, for example, the molar ratio of ethane to 
molecular oxygen, C2H6:O2, in the reaction Zone (or being 
fed to the reaction Zone) can range from about 1:1 to about 
40:1, preferably from about 2:1 to about 40:1, more prefer 
ably from about 66:34 to about 20:1, and most preferably 
from about 5:1 to about 20:1. In some particularly preferred 
embodiments—such as Where multi-stage reactors are 
employed, as discussed beloW—the C2H6:O2 ratio can pref 
erably range from about 5:1 to about 40:1, and preferably 
from about 5:1 to about 15:1, or alternatively, from about 
10:1 to about 20:1. For the conversion of gaseous alkanes 
such as ethane With molecular oxygen, for example, the 
relative amounts of reactant and oxidant can alternatively be 
expressed in terms of volume percentages in reactor feed 
(for mixed-feed co-feed con?guration) or in the reaction 
Zone (regardless of co-feed con?guration), With molecular 
oxygen preferably ranging from about 0.01% to about 34% 
by volume and the alkane preferably ranging from about 
66% to about 99% by volume. The amount of molecular 
oxygen more preferably ranges from about 0.01% to about 
20% by volume, and the amount of alkane more preferably 
ranges from about 80% to about 99% by volume. Flamma 
bility limits should be observed for safety reasons. 

Other materials may also be provided to the reaction Zone. 
For example, the reactor feed can also include diluents such 
as nitrogen, argon or carbon dioxide. For some reactions, 
and/or for some embodiments, discussed in greater detail 
beloW, the reactor feed may comprise Water vapor, or 
amounts of various reaction products (e.g., alkenes such as 
ethylene, propylene or butenes). 

The alkane and the gaseous oxidant contact the catalyst in 
a reaction Zone of a reactor under controlled reaction 

conditions, and the alkane is dehydrogenated to form the 
corresponding alkene(s). Without being bound by theory, the 
alkane contacts the catalyst in the presence of the oxidant 
and is dehydrogenated; the hydrogen atoms combine With an 
oxygen from the oxidant to form the corresponding alkene 
(s) and Water as reaction products. Contact betWeen the 
reactant substrate, gaseous oxidant and catalyst can occur, 
for example, as a mixture of the feed gasses passes through 
or around the interstices of the ?xed-bed catalyst and/or over 
an exposed surface of the catalyst. The contact time (or 
residence time) can vary, and can be optimiZed by persons 
of skill in the art. Generally, and Without limitation, contact 
times can range from about 0.1 seconds to about 10 seconds, 
and preferably from about 0.5 seconds to about 5 seconds. 
Without limitation, the gas space velocity SV in the vapor 
phase reaction can range from about 100/hr to about 10,000/ 
hr, preferably from about 300/hr to about 6,000/hr, and more 
preferably from about 300/hr to about 2,000/hr. Inert gas(es) 
can be used, if desired, as a diluting gas to adjust the space 
velocity. The temperature and pressure of the reaction Zone 
can likeWise vary, and can likeWise be optimiZed by persons 
of skill in the art. Without limitation, the temperature 
preferably ranges from about 200° C. to about 500° C., more 
preferably from about 200° C. to about 400° C., even more 
preferably from about 250° C. to about 400° C., still more 
preferably from about 250° C. to about 350° C., and yet 
more preferably from about 275° C. to about 325° C., and 
most preferably from about 275° C. to about 300° C. In one 
embodiment of the invention, the temperature of the reaction 
Zone during the dehydrogenation reaction is preferably 
controlled to be less than about 300° C. Alkane oxidative 
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14 
dehydrogenation is an exothermic reaction, and adequate 
heat transfer (cooling) can be achieved using methods 
knoWn in the art, including for example, cooling With steam. 
Without limitation, the reaction pressure can range from 
atmospheric pressure to about 20 bar, and preferably ranges 
from about 1 bar to about 10 bar. 
The relative alkane and oxidant feeds, catalyst loading, 

and reaction conditions are preferably controlled, individu 
ally and collectively among the various possible 
permutations, to achieve a reaction performance that is 
suitable for industrial applications. More speci?cally, the 
alkane and oxidant feeds, catalyst loading and reaction 
conditions are controlled such that the alkane is dehydro 
genated to its corresponding alkene(s) With an alkane con 
version of at least about 5%, preferably at least about 10%, 
and an alkene selectivity of at least about 70%, and prefer 
ably at least about 75%. Using the catalysts and process 
disclosed herein, the aforementioned reaction parameters 
can be controlled to achieve a conversion of at least about or 
greater than 15%, and more preferably at least about 20% or 
higher, and to achieve a selectivity for the alkene of at least 
about or greater than about 80%, preferably at least about or 
greater than about 85%, and most preferably at least about 
or greater than about 90%. Within experimental error, selec 
tivity is substantially independent of conversion. 
As used herein, “conversion” refers to the percentage of 

the amount of alkane provided to the reaction Zone that is 
converted to carbon products, and can be expressed as 
folloWs: 

The molar alkane- equivalent surn (carbon 

basis) of all carbon-containing products, 

excluding the alkane in the effluent 

Moles of alkane in the reaction mixture 

Which is fed to the catalyst in the reactor 

% conversation : 100 X 

As used herein, “selectivity” (also knoWn as ef?ciency), or 
equivalently, “alkene selectivity” refers to the percentage of 
the amount of converted alkane (i.e., total carbon products) 
that is converted to the speci?cally desired alkene product, 
and can be expressed as folloWs: 

Moles of desired alkene produced 

The molar alkene- equivalent sum 
% selectivity: 100 X 

(carbon basis) of all carbon- containing 

products, excluding the alkane in the effluent 

These expressions are the theoretical expressions for selec 
tivity and conversion. Simpli?ed formulas have been used in 
the examples herein, and may be used by those of skill in the 
art for alkane oxydehydrogenation reactions Where CO2 is 
the primary side product—for example, Where the only 
products observed in the ethane oxidative dehydrogenation 
(using an ethane and molecular oxygen gas feed) are ethyl 
ene and carbon dioxide. In such cases, the simpli?ed for 
mula for % conversion is % conversion=100><[(moles of 
alkene+((moles of carbon dioxide)/2))/(moles of alkane)]. 
The simpli?ed formula for % selectivity is % selectivity= 
100><[(moles of alkene)/(moles of alkene+((moles of carbon 
dioxide)/2))]. When the alkane is ethane or propane, only 
one dehydrogenation product is possible, and the calcula 
tions are straightforWard. When butane is the alkane, 
hoWever, the dehydrogenation product can be one or more of 
1-butene, 2-butene or 1,3-butadiene. Thus, for butane dehy 
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drogenation reactions, the percentages for selectivity and 
conversion may be based on one or more of these butane 
dehydrogenation products. 

The nickel oxide/mixed-metal oxide catalysts of the 
present invention offer signi?cant performance advantages 
as compared to current industrially-important (V—Mo) 
catalysts. For example, the catalysts of the invention can 
result in about a 20% conversion With about a 90% 
selectivity, as compared to about a 5% conversion With a 
90% selectivity of the current industrially-important alter 
native. Moreover, the space-time yield achieved based on 
bulk-scale testing of the invention catalysts in laboratory 
scale equipment is about 300 kg ethylene produced per m3 
of catalyst per hour—an improvement of a factor of about 
ten (10) as compared to knoWn MoV-based catalysts. 

The nickel oxide/mixed-metal oxide catalysts of the 
present invention are stable With respect to dehydrogenation 
activity and performance characteristics. Stability of the 
catalyst is demonstrated by lifetime testing, in Which a C2 to 
C4 alkane or a substituted C2 to C4 alkane and a gaseous 
oxidant are co-fed to a reaction Zone containing the catalyst 
While maintaining the reaction Zone (and the catalyst) at 
temperature ranging from about 200° C. to about 500° C., 
preferably from about 250° C. to about 350° C., and more 
preferably from about 250° C. to about 300° C. The alkane 
is contacted With the catalyst in the presence of the gaseous 
oxidant to dehydrogenate the alkane and to form the corre 
sponding alkene. The alkene, unreacted alkane and unre 
acted gaseous oxidant are exhausted or otherWise removed 
from the reaction Zone. The steps of co-feeding the reactants, 
dehydrogenating the alkane, and exhausting the alkene and 
unreacted reactants are effected for a cumulative reaction 

period of not less than about 200 hours, preferably not less 
than about 400 hours, more preferably not less than about 
600 hours, even more preferably not less than about 1000 
hours, and most preferably not less than about 2000 hours. 
In commercial industrial-scale applications, the catalyst is 
preferably stable for at least about 5000 hours, and more 
preferably at least about 8000 hours. 

Signi?cantly, the nickel-containing mixed-metal oxide 
catalyst of the present invention has activity for selectively 
converting alkane to the corresponding alkene/ole?n (e.g., 
ethane to ethylene) even in the presence of substantial 
amounts of alkene/ole?n (e.g., ethylene) in the reaction 
Zone. Speci?cally, the alkane can be oxidatively dehydro 
genated to form the corresponding alkene in the reaction 
Zone—even When the reaction Zone comprises the corre 
sponding alkene in a molar concentration of at least about 
5%, relative to total moles of hydrocarbon, during the 
oxydehydrogenation—With an alkane conversion of at least 
about 5% and an alkene selectivity of at least about 50%. A 
conversion of at least about 5% and a selectivity of at least 
about 50% can likeWise be achieved Where the molar 
concentration of the corresponding alkene in the reaction 
Zone ranges from about 5% to about 50%, or Where the 
molar concentration thereof is at least about 10%, at least 
about 20%, at least about 30%, at least about 40% or at least 
about 50%, relative to total moles of hydrocarbon. 
Moreover, alkane conversions as high as 10% With alkene 
selectivity as high as 70% can be achieved Where the molar 
concentration the corresponding alkene in the reaction Zone 
is at least about 30% relative to total moles of hydrocarbon. 
The relatively loW product-sensitivity of the catalyst activity 
is surprising, particularly With respect to ethane conversion, 
because ethylene is typically more reactive than ethane over 
most catalysts. 

The lack of product-inhibition on catalyst activity can be 
advantageously employed in a number of Ways. First, for 
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example, a less-pure, mixed feed comprising both alkane 
and the corresponding alkene can be selectively enriched in 
the alkene. For example, a 70% ethane/30% ethylene feed 
stream, by volume, can be enriched by conversion to a 60% 
ethane/40% ethylene product stream, by volume, or further, 
to a 50% ethane/50% ethylene product stream, by volume. 
As a more speci?c example, raf?nate II (a mixture of butane, 
2-butenes and 1-butene gasses) can be selectively enriched 
in the butenes at the expense of butane, ultimately resulting 
in a more uniform stream composition. Such enrichment 
schemes may be particularly important if employed in 
connection With separation schemes that are more effective 
With streams having higher alkene content. 
As another embodiment, exemplary of the advantageous 

catalytic activity of the catalyst, a single-stage reactor sys 
tem can be con?gured to recycle the product stream (or a 
portion thereof) back to the feed stream, resulting in an 
overall improvement in conversion and selectivity. More 
speci?cally, With reference to FIG. 1A, the alkane (e.g., 
C2H6) and gaseous oxidant (e. g., O2) are co-fed through feed 
conduits 5 to a reaction Zone 10 containing the catalyst 100, 
the alkane is dehydrogenated in the reaction Zone 10 to form 
the corresponding alkene, the resulting product stream 15 
(comprising the corresponding alkene, unreacted alkane and 
optionally any excess gaseous oxidant) is exhausted from 
the reaction Zone 10, and a portion or all of the alkene- and 
unreacted-alkane-containing product stream 15 is then 
recycled back to the reaction Zone via recycle line 25 (and 
is typically recombined With a fresh feed stream 5). As a 
variation of the basic recycling embodiment discussed in the 
immediately-preceding paragraph, the product stream can be 
partially separated after being exhausted and before being 
recycled. 

In a further, and generally preferred embodiment exem 
plifying the aforementioned advantage, a multi-stage reac 
tion system can be effected, in Which the product stream 
from a ?rst reaction Zone, or a portion thereof, becomes the 
feed stream for a second reaction Zone. More speci?cally, 
With reference to FIG. 1B, an alkane (e.g., CZHG) and a 
gaseous oxidant (e.g., O2) can be co-fed through feed 
conduits 5 to a ?rst reaction Zone 10, in Which the alkane is 
dehydrogenated to form the corresponding alkene, and the 
?rst product stream 15 comprising the corresponding alkene 
and unreacted alkane from the ?rst reaction Zone 10 is 
exhausted therefrom. The alkene- and unreacted-alkane 
containing product stream 15 from the ?rst reaction Zone is 
then fed to a second reaction Zone 20—preferably With a 
co-feed of fresh gaseous oxidant via feed conduit 5‘ to the 
second reaction Zone 20. The alkane is further dehydroge 
nated in the second reaction Zone 20 to form the correspond 
ing alkene therein. The alkene product is exhausted from the 
second reaction Zone 20 as a product stream 15‘. Additional 
stages of reaction Zones (in one or more reactors) can 
likeWise be added. The second (or further additional) reac 
tion Zone(s) preferably comprises the alkene at a molar 
concentration of at least about 5% relative to total moles 
hydrocarbon, and can be higher up to about 50%, as Well as 
at one or more of the intermediate levels as described above. 

Signi?cantly, because fresh gaseous oxidant (e. g., molecular 
oxygen) can be added betWeen each stage of the multi-stage 
reactor, the amount of gaseous oxidant can be controlled at 
each stage to achieve an optimiZed selectivity and conver 
sion for the dehydrogenation reaction occurring in that 
stage. This is particularly advantageous because loW oxidant 
concentrations in the feed typically favor more selective 
oxydehydrogenation reactions, With less formation of side 
product (e.g., carbon dioxide). In preferred embodiments for 
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ethane dehydrogenation to ethylene, the molar concentration 
of oxygen in the ?rst and second reaction Zones is controlled 
to range from about 3% to about 40%, preferably from about 
3% to about 20%, more preferably from about 5% to about 
20%, and most preferably from about 8% to about 15%, in 
each case relative to ethane. The overall conversion and 
selectivity for ethane dehydrogenation to ethylene With a 
multi-stage, multi-loW-level oxygen co-feed system as 
described herein is preferably at least about 5% alkane 
conversion and at least about 70% alkene selectivity, pref 
erably at least about 80% alkene selectivity, preferably at 
least about 85% alkene selectivity, and more preferably at 
least about 90% alkene selectivity, and in another 
embodiment, preferably at least about 10% alkane conver 
sion and at least about 80% alkene selectivity, preferably at 
least about 85% alkene selectivity, and more preferably at 
least about 90% alkene selectivity. In particularly preferred 
embodiments, the overall conversion is at least about 30%, 
more preferably at least about a value ranging from about 
30% to about 45%, and the overall selectivity is at least 
about 70%, more preferably at least about a value ranging 
from about 70% to about 85%. 

Regardless of the particular reactor-con?guration (e.g., 
single-stage, single-stage With recycle, multi-stage, multi 
stage With multi-oxidant feed, etc.), the resulting product 
stream typically comprises the product alkene/ole?n of 
interest, together With unreacted alkane, possibly unreacted 
gaseous oxidant, as Well as any side-product (e. g., CO2). The 
desired alkene product can be separated from the reaction 
product stream by methods knoWn in the art. Preferably, for 
example, the alkene product can be recovered from the 
reaction product stream by cryogenic separation, by 
pressure-sWing adsorption (e.g., on Zeolites), by selective 
absorption. Additionally, or alternatively, the reaction prod 
uct stream can be used, Without further separation or With 
partial separation (e.g., With removal of CO2) as a feed 
stream to a doWnstream reactor, Where the alkene product 
can be reacted further (e.g., as discussed beloW). 

The oxydehydrogenation products of the reactions dis 
closed herein (e.g., ethylene, propylene, butenes, pentenes) 
can be further reacted to form a number of commercially 
important doWnstream products. 

Ethylene produced by the oxydehydrogenation of ethane 
using the nickel oxide/mixed-metal oxide catalyst of the 
present invention can, for example, be further reacted to 
form polyethylene, styrene, ethanol, acetaldehyde, acetic 
acid, vinyl chloride, ethylene oxide, ethylene glycol, ethyl 
ene carbonate, ethyl acetate and vinyl acetate, among others. 
More speci?cally, ethylene can be formed by oxidatively 
dehydrogenating ethane in the presence of a catalyst com 
prising Ni, a Ni oxide, a Ni salt or mixtures thereof, and 
(ii) elements or compounds selected from the group con 
sisting of Ti, Ta, Nb, Hf, W, Y, Zn, Zr, Al, oxides thereof, and 
salts thereof, or mixtures of such elements or compounds. 
The catalyst can be more speci?cally characteriZed as 
described above. The ethylene can be optionally puri?ed, 
and then further reacted to form a doWnstream reaction 
product of ethylene according to one or more of the folloW 
ing schemes. 

Polyethylene. Ethylene can be polymeriZed to form poly 
ethylene according to methods knoWn in the art using a 
catalyst having activity for polymeriZing ethylene to poly 
ethylene. Exemplary polymeriZation approaches include 
free-radical polymeriZation, and polymeriZation over Zie 
gler (i.e., metal alkyl) catalysts. Styrene. Ethylene can be 
reacted With benZene in the presence of acid catalysts such 
as aluminum chloride or Zeolites to form ethylbenZene, 
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Which can be catalytically dehydrogenated (using a catalyst 
of the invention or knoWn dehydrogenation catalysts) to 
form styrene. Styrene can also be formed directly from the 
reaction of ethylene With benZene. Ethanol. Ethylene can be 
hydrated to form ethanol according to methods knoWn in the 
art using a catalyst comprising an element or compound 
having activity for hydrating ethylene to ethanol. Preferred 
ethylene hydration catalysts include oxides of B, Ga, Al, Sn, 
Sb or Zn, or mixtures of such oxides. Water is preferably 
cofed to the reaction Zone during the hydration reaction. 
Acetaldehyde. Acetaldehyde can be formed from ethylene 
according to methods knoWn in the art—either directly, or 
through an ethanol intermediate. In a direct route, ethylene 
is oxidiZed to acetaldehyde using a catalyst comprising an 
element or compound having activity for oxidiZing ethylene 
to acetaldehyde. Preferred ethylene oxidation catalysts for 
acetaldehyde formation include oxides of Pd, Cu, V or C0, 
or mixtures of such oxides. In an alternative, indirect route, 
ethylene is hydrated to form ethanol (as described above) 
and ethanol is then oxidiZed to form acetaldehyde in the 
presence of a catalyst having activity for oxidiZing ethanol 
to acetaldehyde. Preferred ethanol oxidation catalysts for 
acetaldehyde formation include metals and/or metal oxides 
of Cu, Co, Ag, Re, Ru, Pt, Bi, Ce, Sb, In, Pd, Rh, Ir, V, Cr 
or Mn, or mixtures of such oxides. Acetic Acid. Ethylene can 
be oxidiZed to form acetic acid according to methods knoWn 
in the art using a catalyst comprising an element or com 
pound having activity for oxidiZing ethylene to acetic acid. 
The catalyst preferably comprises a noble metal or an oxide 
thereof, and more preferably, Pd or Pt or oxides thereof. 
Water is preferably co-fed to the reaction Zone during the 
ethylene oxidation reaction. Vinyl Chloride. Ethylene can be 
chlorinated or oxychlorinated to form vinyl chloride accord 
ing to methods knoWn in the art. In a chlorination reaction, 
chlorine or other chlorinating agent are preferably co-fed to 
the reaction Zone, and ethylene is chlorinated in the presence 
of a catalyst having activity for chlorinating ethylene to 
vinyl chloride, or alternatively, in the absence of a catalyst. 
Preferred ethylene chlorination catalysts for preparing vinyl 
chloride comprise a metal halide or metal oxyhalide, and 
preferably, a halide or oxyhalide of Cu, Fe or Cr. In an 
oxychlorination reaction, a gaseous oxidant and HCl or 
other chlorinating agent are preferably co-fed to the reaction 
Zone, and ethylene is oxychlorinated in the presence of a 
catalyst having activity for oxychlorinating ethylene to vinyl 
chloride. Preferred ethylene oxychlorination catalysts for 
preparing vinyl chloride comprise a metal halide or metal 
oxyhalide, and most preferably, a halide or oxyhalide of Cu, 
Fe or Cr. Ethylene Oxide. Ethylene can be oxidiZed to form 
ethylene oxide according to methods knoWn in the art using 
a catalyst comprising an element or compound having 
activity for oxidiZing ethylene to ethylene oxide. The cata 
lyst preferably comprises Ag, a halide thereof, an oxide 
thereof or a salt thereof. Ethylene Glycol. Ethylene glycol 
can be produced by oxidiZing ethylene to form ethylene 
oxide as described above, and hydrating ethylene oxide to 
form ethylene glycol. Alternatively, ethylene can be con 
verted into ethylene glycol directly, in a single-step process. 
Ethylene Carbonate. Ethylene carbonate can be produced 
from ethylene by reacting ethylene With carbon dioxide or 
carbon monoxide to form ethylene carbonate, or alterna 
tively by forming ethylene glycol as described above and 
then reacting the ethylene glycol With phosgene. Ethyl 
acetate. Ethyl acetate can be formed from acetic acid, 
prepared as described above, according to methods knoWn 
in the art. Vinyl acetate. Vinyl acetate can be prepared by 
vapor-phase reaction of ethylene, acetic acid and oxygen 
over a Pd catalyst. 
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Propylene produced by the oxydehydrogenation of pro 
pane using the nickel oxide/mixed-metal oxide catalyst of 
the present invention can, for example, be further reacted to 
form polypropylene, acrolein, acrylic acid, acetone, propy 
lene oxide and propylene carbonate, among other doWn 
stream reaction products of propylene. More speci?cally, 
propylene can be formed by oxidatively dehydrogenating 
propane in the presence of a catalyst comprising Ni, a Ni 
oxide, a Ni salt or mixtures thereof, and (ii) elements or 
compounds selected from the group consisting of Ti, Ta, Nb, 
Hf, W, Y, Zn, Zr, Al, oxides thereof, and salts thereof, or 
mixtures of such elements or compounds. The catalyst can 
be more speci?cally characteriZed as described above. The 
propylene can be optionally puri?ed, and then further 
reacted according to one or more of the folloWing schemes. 

Polypropylene. Propylene can be polymeriZed to form 
polypropylene according to methods knoWn in the art using 
a catalyst having activity for polymeriZing propylene to 
polypropylene. Exemplary propylene polymeriZation cata 
lysts include, for example, aluminum alkyl catalysts. 
Acrolein. Propylene can be oxidiZed to form acrolein 
according to methods knoWn in the art using a catalyst 
comprising an element or compound having activity for 
oxidiZing propylene to acrolein. The catalyst preferably 
comprises an oxide of Bi, Mo, Te or W, or mixtures of such 
oxides. Acrylic Acid. Propylene can be oxidiZed to form 
acrylic acid according to methods knoWn in the art using a 
catalyst comprising an element or compound having activity 
for oxidiZing propylene to acrylic acid. The catalyst prefer 
ably comprises an oxide of Mo, V or W, or mixtures of such 
oxides. Acetone. Acetone can be produced from propylene 
by oxidation of propylene. Propylene Oxide. Propylene can 
be oxidiZed to form propylene oxide according to methods 
knoWn in the art using a catalyst comprising an element or 
compound having activity for oxidiZing propylene to pro 
pylene oxide. The catalyst preferably comprises TiSi oxide 
or PdTiSi oxide catalysts. Propylene carbonate. Propylene 
carbonate can be formed by preparing propylene oxide as 
described above, and by reacting the propylene oxide With 
carbon dioxide. Propylene can also be directly converted to 
propylene carbonate in a single-step process. 

The oxydehydrogenation products of isobutane and 
n-butane can likeWise be further reacted. Isobutene can be 
further reacted, for example, to form methacrylic acid. 
n-Butene can be further reacted, for example, to form 
butanol, butanediol, butadiene, methylethylketone (MEK), 
methylvinylketone (MVK), furane, or crotonaldehyde. More 
speci?cally, isobutene or n-butene can be formed by oxida 
tively dehydrogenating the respective butane in the presence 
of a catalyst comprising Ni, a Ni oxide, a Ni salt or 
mixtures thereof, and (ii) elements or compounds selected 
from the group consisting of Ti, Ta, Nb, Hf, W, Y, Zn, Zr, Al, 
oxides thereof, and salts thereof, or mixtures of such ele 
ments or compounds. The catalyst can be more speci?cally 
characteriZed as described above. The isobutene or n-butene 
can be optionally puri?ed, and then further reacted accord 
ing to one or more of the folloWing schemes. 

Methacrylic Acid. Isobutene can be oxidiZed to form 
methacrylic acid according to methods knoWn in the art 
using a catalyst comprising an element or compound having 
activity for oxidiZing isobutene to methacrylic acid. The 
catalyst preferably comprises a polyoxometallate (POM), 
and in particular, PVMo- or PVW-containing POM. 
Butanol. Butanol can be prepared by hydrating n-butene to 
form butanol. Butadiene. n-Butene can be oxidatively dehy 
drogenated to form butadiene according to the methods of 
the present invention (and/or according to other methods 
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knoWn in the art) using a catalyst comprising an element or 
compound having activity for oxidatively dehydrogenating 
n-butene to butadiene. The catalyst preferably comprises Ni, a Ni oxide, a Ni salt or mixtures thereof, and (ii) 

elements or compounds selected from the group consisting 
of Ti, Ta, Nb, Hf, W, Y, Zn, Zr, Al, oxides thereof, and salts 
thereof, or mixtures of such elements or compounds. The 
catalyst can be more speci?cally characteriZed as described 
above. Butanediol. Butane diol can be prepared by forming 
butadiene, as described above, and then hydrating butadiene 
to form butanediol. Methylethylketone n-Butene 
can be oxidatively dehydrogenated to form butadiene (as 
described above), and butadiene can be oxidiZed to form 
methylethylketone (MEK) according to the methods knoWn 
in the art using a catalyst comprising an element or com 
pound having activity for oxidation of butadiene to MEK. 
The catalyst preferably comprises Bi/Mo, Mo/V/W, VPO or 
a polyoxometallate. Methylvinylketone (MVK). n-Butene 
can be oxidatively dehydrogenated to form butadiene (as 
described above), and butadiene can be oxidiZed to form 
methylvinylketone (MVK) according to the methods knoWn 
in the art using a catalyst comprising an element or com 
pound having activity for oxidation of butadiene to MVK. 
The catalyst preferably comprises Bi/Mo, Mo/V/W, VPO or 
a polyoxometallate. Furane. Furane can be prepared by 
oxidiZing n-butene. Crotonaldehyde. Crotonaldehyde can be 
prepared by forming butadiene, as described above, and then 
oxidiZing butadiene to form crotonaldehyde. 

In each of the aforementioned further reactions of the 
oxydehydrogenation products (e.g., ethylene, propylene, 
butenes), the reactants are preferably provided to the reac 
tion Zone in the presence of the respective catalysts. The 
catalyst(s) for the doWnstream reaction(s) can be 
co-catalysts provided to the same reaction Zone in Which the 
oxydehydrogenation catalyst is situated, or alternatively, can 
be provided to a physically separate, doWn-stream reaction 
Zone. If provided as a co-catalyst in the same reaction Zone, 
the catalyst for the doWnstream reaction can be prepared and 
provided to the reaction Zone as a separate composition from 
the catalyst of the present invention, or alternatively, can be 
prepared and provided to the reaction Zone as a single 
composition in separate phases or as an integrated catalyst 
composition having activity for both the oxydehydrogena 
tion reaction and the respective doWnstream reaction of 
interest. Regardless of Whether the oxydehydrogenation 
reaction and the doWnstream reaction of interest are carried 
out in the same or in separate reaction Zones, the oxydehy 
drogenation reaction and the doWnstream reaction(s) are 
preferably performed sequentially (e.g., Where an alkane is 
oxydehydrogenated to form the corresponding alkene as the 
oxydehydrogenation product, and the alkene is then further 
reacted to form the doWnstream product of interest). 
The folloWing examples illustrate the principles and 

advantages of the invention. 

EXAMPLES 
General 

In general, catalysts Were prepared in small quantities 
(e.g. ~100 mg) or in larger, bulk quantities (e.g., ~20 g) 
using conventional precipitation and/or evaporation 
approaches. Small quantity catalysts Were generally pre 
pared With automated liquid dispensing robots (Cavro Sci 
enti?c Instruments) in glass vials contained in Wells of an 
aluminum substrate. Catalysts Were screened for activity for 
oxidative dehydrogenation of ethane (ODHE), regardless of 
the scale of preparation, in a parallel ?xed bed reactor 
substantially as disclosed in PCT patent application WO 
99/64160 (Symyx Technologies, Inc.). 
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Example 1 

ODHE over NiNbTi Oxide and NiTaTi Oxide 

Catalysts. (#14839/15156) 

Catalysts Were prepared in small quantities (~100 mg) 
from nickel nitrate ([Ni]=1.0 M), titanium oxalate ([Ti]= 
0.713 M), niobium oxalate ([Nb]=0.569 M), and tantalum 
oxalate ([Ta]=0.650 M) aqueous stock solutions by precipi 
tation With tetramethylammonium hydroxide ([NMe4OH]= 
1.44M). Brie?y, a library of catalyst precursors Were pre 
pared by dispensing various amounts of aqueous stock 
solutions using a Cavro automated liquid handling robot to 
an array of glass vials held in an aluminum substrate. The 
precipitating agent, NMe4OH solution, Was added to the 
various catalyst precursor compositions in about 1.3 equiva 
lent of acid and metal ions, by high-speed injection from a 
syringe head. The high-speed injection of the base provides 
mixing of the catalyst precursor solution and precipitation 
agents, thereby effecting precipitation of solid catalyst mate 
rials. To further insure Well mixing, additional liquid (e.g., 
distilled Water Was, in some cases, also injected into the vial 
containing the metal precursor solution and base precipitat 
ing agent. The resulting precipitate mixtures Were alloWed to 
settle at about 25° C. for about 2 hours, and Were then 
centrifuged at 3000 rpm to separate solid precipitate from 
the solution. The solution Was decanted and solids Were 
dried under vacuum at 60° C. in a vacuum oven. Table 1A 
summariZes the composition and amounts of the various 
catalyst compositions. 

In a ?rst set of experiments, the dried catalyst composi 
tions Were calcined to 300° C. in an atmosphere of air With 
an oven temperature pro?le: ramp to 300° C. at 2° C./min 
and dWell at 300° C. for 8 hours. Samples Were ground With 
a spatula. The mixed metal oxide catalysts (~50 mg) Were 
screened in the ?xed bed parallel reactor. The performance 
characteristics of these catalysts for ethane oxidative dehy 
drogenation at 300° C. With relative ?oWrates of ethane:ni 
trogen:oxygen of 0.42:0.54:0.088 sccm are summariZed in 
Table 1B (ethane conversion) and Table 1C (ethylene 
selectivity). 

After initial screening, these catalyst Were subsequently 
recalcined to 400° C. With a similar temperature pro?le. The 
performance characteristics of these catalysts for ethane 
oxidative dehydrogenation in the parallel ?xed bed reactor at 
300° C. With relative ?oWrates of ethane:nitrogen:oxygen of 
0.42:0.54:0.088 sccm are summariZed in Table 1D (ethane 
conversion) and Table 1E (ethylene selectivity). 

TABLE 1A 

Catalyst composition (mole fraction) of Ni—Nb—Ti and 
Ni—Ta—Ti oxide mixtures and sample mass, “m” (mg) 

used in parallel ?xed bed reactor screen. 

RoW Col 1 2 3 4 5 6 

1 Ni 1.0000 0.8969 0.7944 0.6927 0.5917 0.4914 
Nb 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Ta 0.0000 0.1031 0.2056 0.3073 0.4083 0.5086 
Ti 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
In 49.5 50.4 50 49.4 50.1 50.1 

2 Ni 0.9119 0.9091 0.8052 0.7021 0.5997 0.4980 
Nb 0.0881 0.0000 0.0000 0.0000 0.0000 0.0000 
Ta 0.0000 0.0000 0.1042 0.2076 0.3103 0.4124 
Ti 0.0000 0.0909 0.0906 0.0903 0.0900 0.0896 
In 50.2 49.5 50.3 50.5 49.6 49.8 

3 Ni 0.8214 0.8188 0.8163 0.7117 0.6079 0.5048 
Nb 0.1786 0.0890 0.0000 0.0000 0.0000 0.0000 
Ta 0.0000 0.0000 0.0000 0.1052 0.2097 0.3135 
Ti 0.0000 0.0921 0.1837 0.1830 0.1824 0.1817 

49.5 49.5 49.3 50.4 50 50.3 
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TABLE 1A-continued 

Catalyst composition (mole fraction) of Ni—Nb—Ti and 
Ni—Ta—Ti oxide mixtures and sample mass, “m” (mg) 

used in parallel ?xed bed reactor screen. 

RoW Col 1 2 3 4 5 6 

4 Ni 0.7284 0.7261 0.7239 0.7216 0.6163 0.5118 
Nb 0.2716 0.1805 0.0900 0.0000 0.0000 0.0000 
Ta 0.0000 0.0000 0.0000 0.0000 0.1063 0.2119 
Ti 0.0000 0.0934 0.1861 0.2784 0.2774 0.2764 
In 49.3 49.4 49.3 50.1 49.4 49.3 

5 Ni 0.6329 0.6309 0.6289 0.6270 0.6250 0.5189 
Nb 0.3671 0.2744 0.1824 0.0909 0.0000 0.0000 
Ta 0.0000 0.0000 0.0000 0.0000 0.0000 0.1074 
Ti 0.0000 0.0946 0.1887 0.2821 0.3750 0.3736 
In 50.3 50.3 49.3 49.9 49.6 50.4 

6 Ni 0.5348 0.5330 0.5314 0.5297 0.5280 0.5263 
Nb 0.4652 0.3710 0.2774 0.1843 0.0919 0.0000 
Ta 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Ti 0.0000 0.0959 0.1913 0.2860 0.3801 0.4737 
In 50.7 22.6 50.4 49.5 49.9 50.6 

TABLE 1B 

Ethane conversion for the catalysts in Table 1A. 
Test conditions: 300° C. With ethane/nitrogen/oxygen 

floW of 0.42/0.54/0.088 sccm. 

Ethane Conversion (%) of Ni—Nb—Ta—Ti Oxide 
Mixtures 

1 2 3 4 5 6 

1 9.4 17.9 19.0 19.1 18.6 16.8 
2 16.3 15.7 18.1 17.1 17.6 19.2 
3 18.6 18.3 18.9 17.6 19.3 18.6 
4 19.4 18.2 19.4 18.6 18.9 19.2 
5 19.4 18.9 16.5 19.1 18.6 17.1 
6 19.0 16.2 17.9 18.0 16.8 16.8 

TABLE 1C 

Ethylene selectivity for the catalysts in Table 1A. 
Test conditions: 300° C. With ethane/nitrogen/oxygen 

floW of 0.42/0.54/0.088 sccm. 

Ethylene Selectivity (%) of Ni—Nb—Ta—Ti Oxide 
Mixtures 

1 2 3 4 5 6 

1 47.2 82.8 84.3 83.7 84.7 83.3 
2 79.5 78.5 84.2 85.0 81.2 84.9 
3 84.5 83.6 83.5 84.1 84.4 85.0 
4 84.2 84.1 83.4 84.1 84.8 84.8 
5 84.8 84.9 82.1 82.3 82.1 83.8 
6 82.6 81.1 79.9 80.5 78.8 79.0 

TABLE 1D 

Ethane conversion for the catalysts in Table 1A but 
recalcined to 400° C. Test conditions: 300° C. 

With ethane/nitrogen/oxvgen floW of 0.42/0.54/0.088 sccm. 

Ethane Conversion (%) of Ni—Nb—Ta—Ti Oxide 
Mixtures 

1 2 3 4 5 6 

1 5.8 11.9 12.2 12.4 11.8 9.6 
2 9.8 9.2 11.5 9.2 11.3 13.0 
3 12.0 12.7 11.1 12.0 13.8 12.3 
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TABLE lD-continued 

24 

TABLE lF-continued 

Ethane conversion for the catalysts in Table 1A but 
recalcined to 400° C. Test conditions: 300° C. 

With ethane nitrogen oxygen floW of 0.42 0.54 0.088 sccrn. 

Ethane Conversion (%) of Ni—Nb—Ta—Ti Oxide 
Mixtures 

1 2 3 4 5 6 

4 12.8 11.5 13.3 11.1 10.1 11.9 
5 13.5 12.0 12.9 11.1 11.9 10.4 
6 13.0 9.0 13.0 13.6 11.3 11.0 

TABLE 1E 

Ethylene selectivity for the catalysts in Table 1A but recalcined 
to 400° C. Test conditions: 300° C. With ethane/nitrogen/oxygen 

floW of 0.42/0.54/0.088 sccrn. 

Ethylene Selectivity (%) of Ni—Nb—Ta—Ti Oxide 
Mixtures 

1 2 3 4 5 6 

1 34.2 83.1 85.4 84.4 85.2 85.1 
2 77.2 75.3 84.9 86.4 80.8 84.6 
3 85.1 84.1 82.7 84.0 83.8 84.1 
4 85.4 84.5 83.7 82.2 83.9 84.5 
5 86.4 85.9 79.3 78.7 80.4 83.1 
6 80.1 78.4 79.3 77.1 72.1 71.2 

Another library of NiNbTi oxide catalysts Was prepared 
substantially as described above and having the composition 
and amounts summarized in Table 1E. The performance 
characteristics of these catalysts for ethane oxidative dehy 
drogenation in the parallel ?xed bed reactor at 300° C. With 
relative ?oWrates of ethaneznitrogenzoxygen of 
0.42:0.54:0.088 sccm are summarized in Table 1G (ethane 
conversion) and Table 1H (ethylene selectivity). 

TABLE 1F 

Catalyst composition (mole fractions) of NiNbTi oxide catalysts 
and sample mass mg) used in parallel ?xed bed reactor screen. 

RoW Column 1 2 3 4 5 6 

1 Ni 1.000 
Nb 0.000 
Ti 0.000 
mass 49.9 

(mg) 
2 Ni 0.841 0.885 

Nb 0.000 0.115 
Ti 0.159 0.000 
mass 45.0 56.3 

(mg) 
3 Ni 0.714 0.748 0.784 

Nb 0.000 0.103 0.216 
Ti 0.286 0.150 0.000 
mass 49.2 49.3 45.0 

(mg) 
4 Ni 0.612 0.637 0.665 0.696 

Nb 0.000 0.093 0.194 0.304 
Ti 0.388 0.270 0.141 0.000 
mass 49.6 51.4 51.9 50.8 
(mg) 

5 Ni 0.526 0.546 0.568 0.592 0.617 
Nb 0.000 0.085 0.176 0.275 0.383 
Ti 0.474 0.369 0.256 0.133 0.000 
mass 44.9 46.3 46.7 44.0 47.0 

(mg) 
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Catalyst composition (mole fractions) of NiNbTi oxide catalysts 
and sample mass mg) used in parallel ?xed bed reactor screen. 

RoW Column 1 2 3 4 5 6 

6 Ni 0.455 0.471 0.488 0.506 0.526 0.547 
Nb 0.000 0.078 0.161 0.251 0.348 0.453 
Ti 0.545 0.452 0.351 0.243 0.126 0.000 
mass 48.8 50.5 46.1 48.5 52.0 54.1 
(mg) 

TABLE 1G 

Ethane conversion for catalysts listed in TABLE 1F. 
Test conditions: 300° C. With ethane:nitrogen:oxygen 

floW of 0.42:0.54:0.088 sccrn. 

1 2 3 4 5 6 

1 8.4 
2 16.6 18.2 
3 17.5 16.5 16.9 
4 16.7 16.3 17.0 16.1 
5 15.9 16.2 17.1 15.9 17.9 
6 16.6 17.5 15.5 15.2 17.2 14.4 

TABLE 1H 

Ethylene selectivity for catalysts listed in TABLE 1F. 
Test conditions: 300° C. With ethane:nitrogen:oxygen 

floW of 0.42:0.54:0.088 sccrn. 

1 2 3 4 5 6 

1 43.3 
2 81.5 82.8 
3 83.1 81.9 82.5 
4 82.5 77.2 83.1 83.5 
5 77.8 78.4 77.9 78.1 80.6 
6 77.8 76.9 75.4 78.8 80.1 73.0 

Example 2 

ODHE over NiNbTaTi Oxide Catalysts. (#16160/ 
16223) 

Catalyst compositions comprising various relative 
amounts of oxides of Ni, Nb, Ta and Ti Were prepared in 
small (~100 mg) quantities by precipitation substantially as 
described in connection With Example 1. Table 2A summa 
rizes the composition and amounts of the various catalyst 
compositions. 

In a ?rst set of experiments, the dried catalyst composi 
tions Were calcined to 300° C. in an atmosphere of air With 
an oven temperature pro?le: ramp to 300° C. at 2° C./min 
and dWell at 300° C. for 8 hours. The mixed metal oxide 
catalysts (~50 mg) Were screened in the ?xed bed parallel 
reactor. The performance characteristics of these catalysts 
for ethane oxidative dehydrogenation at 300° C. With rela 
tive ?oWrates of ethaneznitrogenzoxygen of 0.42:0.54:0.088 
sccm are summarized in Table 2B (ethane conversion) and 
Table 2C (ethylene selectivity). The catalysts Were also 
screened for ethane oxidative dehydrogenation at 300° C. 
With relative ?oWrates of ethaneznitrogenzoxygen of 
0.42:0.82:0.022 sccm. The performance characteristics for 
these experiments are summarized in Table 2D (ethane 
conversion) and Table 2E (ethylene selectivity). 

After these screenings, these catalyst Were subsequently 
recalcined to 400° C. for 8 hours With a similar temperature 
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pro?le. The performance characteristics of these catalysts 
for ethane oxidative dehydrogenation in the parallel ?xed 
bed reactor at 300° C. With relative ?oWrates of ethane1ni 
trogen1oxygen of 04210.5410.088 sccm are summarized in 

Table 2F (ethane conversion) and Table 2G (ethylene 
selectivity). The recalcined catalysts Were also screened for 
ethane oxidative dehydrogenation at 300° C. With relative 
?oWrates of ethane1nitrogen1oxygen of 04210.8210.022 
sccm. The performance characteristics for these experiments 
are summariZed in Table 2H (ethane conversion) and Table 
21 (ethylene selectivity). 

TABLE 2A 

Catalyst composition (mole fraction) and sample mass, 
“m” (mg) of bulk NiNbTaTi Oxide Mixtures 

RoW Col 1 2 3 4 5 6 

1 Ni 0.6014 0.5714 0.5418 0.5124 0.4832 0.4542 
Nb 0.1065 0.1188 0.1310 0.1431 0.1550 0.1669 
Ta 0.0948 0.1133 0.1317 0.1498 0.1679 0.1857 
Ti 0.1973 0.1964 0.1956 0.1948 0.1939 0.1931 
In 50.0 50.0 50.3 50.5 49.5 50.5 

2 Ni 0.4889 0.4730 0.4559 0.4375 0.4176 0.3959 
Nb 0.0808 0.1089 0.1392 0.1718 0.2071 0.2454 
Ta 0.2699 0.2518 0.2323 0.2113 0.1886 0.1639 
Ti 0.1604 0.1662 0.1726 0.1794 0.1868 0.1948 
In 49.5 50.6 50.0 50.5 49.6 49.4 

3 Ni 0.6004 0.5731 0.5448 0.5154 0.4849 0.4532 
Nb 0.1163 0.1279 0.1399 0.1524 0.1654 0.1788 
Ta 0.1295 0.1424 0.1557 0.1696 0.1840 0.1990 
Ti 0.1538 0.1566 0.1595 0.1626 0.1657 0.1689 
In 49.9 49.3 49.5 49.6 49.7 50.0 

4 Ni 0.6435 0.6135 0.5835 0.5535 0.5234 0.4934 
Nb 0.1173 0.1315 0.1457 0.1598 0.1740 0.1882 
Ta 0.1306 0.1463 0.1621 0.1779 0.1937 0.2095 
Ti 0.1086 0.1087 0.1087 0.1088 0.1089 0.1089 
In 49.5 49.3 49.6 49.5 50.1 50.3 

TABLE 2B 

Ethane conversion for the catalysts in TABLE 2A. 
Test conditions: 300° C. With ethane/nitrogen/oxygen 

flow of 0.42/0.54/0.088 sccm. 

Ethane Conversion (%) of Ni—Nb—Ta—Ti Oxide 
Mixtures 

1 2 3 4 5 6 

1 10.7 17.0 18.1 19.4 19.2 13.6 
2 9.0 17.5 18.7 16.8 19.0 15.6 
3 12.1 17.5 19.0 19.0 19.1 16.8 
4 7.8 16.8 19.5 18.8 17.7 18.2 

TABLE 2C 

Ethylene selectivity for the catalysts in Table 2A. 
Test conditions: 300° C. With ethane/nitrogen/oxygen 

flow of 0.42/0.54/0.088 sccm. 

Ethylene Selectivity (%) of Ni—Nb—Ta—Ti Oxide 
Mixtures 

1 2 3 4 5 6 

1 82.9 83.1 84.3 85.1 84.2 83.2 
2 80.4 86.6 85.1 84.7 84.5 84.1 
3 70.9 84.4 84.9 84.7 84.6 84.0 
4 76.9 84.7 84.8 84.5 84.8 85.0 
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TABLE 2D 

Ethane conversion for the catalysts in Table 2A. 

Test conditions: 300° C. With ethane/nitrogen/oxygen 

flow of 0.42/0.082/0.022 sccm. 

Ethane Conversion (%) of Ni—Nb—Ta—Ti Oxide 

Mixtures 

1 2 3 4 5 6 

1 10.5 11.2 11.4 11.9 11.8 11.0 

2 8.2 11.4 11.8 11.3 11.9 11.5 

3 9.3 11.6 11.3 11.6 11.8 11.3 

4 7.1 11.6 12.0 11.6 11.7 11.4 

TABLE 2E 

Ethylene selectivity for the catalysts in Table 2A. 
Test conditions: 300° C. With ethane/nitrogen/oxygen 

flow of 0.42/0.082/0.022 sccm. 

Ethylene Selectivity (%) of Ni—Nb—Ta—Ti Oxide 
Mixtures 

1 2 3 4 5 6 

1 91.6 92.7 92.9 93.5 92.9 92.5 

2 90.1 93.4 93.3 93.4 93.2 92.6 

3 86.7 93.0 93.5 93.3 93.3 92.7 

4 87.7 93.4 93.4 93.0 93.2 92.9 

TABLE 2F 

Ethane conversion for the catalysts in Table 2A. 
Test conditions: 300° C. With ethane/nitrogen/oxygen 

flow of 0.42 0.54 0.088 sccm. 

Ethane Conversion (%) of Ni—Nb—Ta—Ti Oxide 
Mixtures 

1 2 3 4 5 6 

1 5.6 12.3 13.2 14.1 14.6 7.1 
2 4.9 14.7 13.5 11.4 15.0 8.7 
3 8.1 12.6 13.3 14.6 14.6 11.1 
4 3.7 10.4 14.3 14.8 14.8 14.4 

TABLE 2G 

Ethylene selectivity for the catalysts in Table 2A. 
Test conditions: 300° C. With ethane/nitrogen/oxygen 

flow of 0.42 0.54 0.088 sccm. 

Ethylene Selectivity (%) of Ni—Nb—Ta—Ti Oxide 
Mixtures 

1 2 3 4 5 6 

1 83.4 80.9 82.1 84.1 83.8 84.9 
2 81.6 83.9 84.3 84.5 83.6 85.1 
3 67.9 83.5 83.7 83.6 83.6 84.5 
4 78.5 84.7 83.8 83.2 83.6 84.5 
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TABLE 2H 

Ethane conversion for the catalysts in Table 2A. 
Test conditions: 300° C. With ethane/nitrogen/oxygen 

floW of 0.42 0.082 0.022 sccrn. 

Ethane Conversion (%) of Ni—Nb—Ta—Ti Oxide 
Mixtures 

1 2 3 4 5 6 

1 5.7 10.7 8.4 11.5 11.9 7.6 
2 5.3 10.2 11.1 10.7 11.7 8.6 
3 8.4 11.3 11.2 11.5 11.8 10.6 
4 4.1 10.1 11.7 11.6 11.3 11.2 

TABLE 21 

Ethylene selectivity for the catalysts in Table 2A. 
Test conditions: 300° C. With ethane/nitrogen/oxygen 

floW of 0.42 0.082 0.022 sccrn. 

Ethylene Selectivity (%) of Ni—Nb—Ta—Ti Oxide 
Mixtures 

1 2 3 4 5 6 

1 88.9 92.1 92.4 93.2 92.8 90.9 
2 87.4 93.2 93.1 93.0 93.2 91.7 
3 85.7 92.5 93.0 93.2 93.0 92.3 
4 85.5 92.6 93.1 92.9 93.1 92.9 

Example 3 

ODHE over NiNbZr/NiTaZr Oxide Catalysts. 

(#14840/15157) 

Catalysts Were prepared in small quantities (~100 mg) 

from nickel nitrate ([Ni]=1.0 M), niobium oxalate 0.569 M), tantalum oxalate ([Ta]=0650 M), and zirconium 

oxalate ([Zr]=036 M) aqueous stock solutions by precipi 
tation With tetramethylammonium hydroxide. The solid 
materials Were separated from solution by centrifugation. 
The supernatant Was decanted and solid materials Were dried 
at 60° C. under a reduced atmosphere. Table 3A summarizes 
the composition and amounts of the various catalyst com 
positions. 

In a ?rst set of experiments, the dried catalyst composi 
tions Were calcined to 300° C. in an atmosphere of air With 
an oven temperature pro?le: ramp to 300° C. at 2° C./min 
and dWell at 300° C. for 8 hours. The mixed metal oxide 
catalysts (~50 mg) Were screened in the ?xed bed parallel 
reactor. The performance characteristics of these catalysts 
for ethane oxidative dehydrogenation at 300° C. With rela 
tive ?oWrates of ethane1nitrogen1oxygen of 04210.5410088 
sccm are summarized in Table 3B (ethane conversion) and 
Table 3C (ethylene selectivity). 

After initial screening, these catalyst Were subsequently 
recalcined to 400° C. With a similar temperature pro?le. The 
performance characteristics of these catalysts for ethane 
oxidative dehydrogenation in the parallel ?xed bed reactor at 
300° C. With relative ?oWrates of ethane1nitrogen1oxygen of 
04210.5410088 sccm are summarized in Table 3D (ethane 
conversion) and Table 3E (ethylene selectivity). 
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TABLE 3A 

Catalyst composition (mole fraction) of Ni—Nb—Zr 
and Ni—Ta—Zr oxide mixtures & sample mass, “m” (mg) 

used in parallel ?xed bed reactor screen. 

RoW Col 1 2 3 4 5 6 

1 Ni 1.0000 0.8969 0.7944 0.6927 0.5917 0.4914 
Nb 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
Ta 0.0000 0.1031 0.2056 0.3073 0.4083 0.5086 
Zr 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
In 49.8 49.5 49.6 49.6 50.1 49.5 

2 Ni 0.9119 0.9328 0.8262 0.7203 0.6152 0.5108 
Nb 0.0881 0.0000 0.0000 0.0000 0.0000 0.0000 
Ta 0.0000 0.0000 0.1069 0.2130 0.3184 0.4230 

Zr 0.0000 0.0672 0.0669 0.0667 0.0664 0.0662 
In 49.3 49.6 50.4 49.9 50.3 49.3 

3 Ni 0.8214 0.8405 0.8606 0.7502 0.6406 0.5319 
Nb 0.1786 0.0914 0.0000 0.0000 0.0000 0.0000 
Ta 0.0000 0.0000 0.0000 0.1109 0.2210 0.3303 
Zr 0.0000 0.0681 0.1394 0.1389 0.1384 0.1379 

In 49.8 50.6 50.5 49.5 50.6 49.9 
4 Ni 0.7284 0.7456 0.7637 0.7826 0.6682 0.5547 

Nb 0.2716 0.1853 0.0949 0.0000 0.0000 0.0000 
Ta 0.0000 0.0000 0.0000 0.0000 0.1153 0.2296 
Zr 0.0000 0.0690 0.1414 0.2174 0.2165 0.2157 
In 50.1 49.4 49.5 49.6 49.5 50.6 

5 Ni 0.6329 0.6481 0.6640 0.6807 0.6983 0.5796 
Nb 0.3671 0.2819 0.1926 0.0987 0.0000 0.0000 
Ta 0.0000 0.0000 0.0000 0.0000 0.0000 0.1200 

Zr 0.0000 0.0700 0.1434 0.2206 0.3017 0.3005 
In 50.3 49.6 49.8 49.5 49.9 49.7 

6 Ni 0.5348 0.5478 0.5614 0.5758 0.5909 0.6068 
Nb 0.4652 0.3812 0.2931 0.2004 0.1028 0.0000 
Ta 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

Zr 0.0000 0.0710 0.1455 0.2239 0.3063 0.3932 
In 50.0 49.8 50.3 50.6 50.0 49.9 

TABLE 3B 

Ethane conversion for the catalysts in Table 3A. 
Test conditions: 300° C. With ethane/nitrogen/oxygen 

floW of 0.42/0.54/0.088 sccrn. 

Ethane Conversion (%) of Ni—Nb—Ta—Zr Oxide 
Mixtures 

1 2 3 4 5 

1 9.1 18.2 18.9 19.2 18.6 15.7 
2 16.0 14.8 18.0 16.4 17.3 19.5 
3 18.4 18.1 15.4 17.6 13.1 16.7 
4 19.3 19.1 16.7 14.7 15.2 15.3 
5 19.4 19.0 13.7 15.3 13.6 16.1 
6 18.9 19.0 12.1 11.3 12.7 12.4 

TABLE 3C 

Ethylene Selectivity for the catalysts in Table 3A. 
Test conditions: 300° C. With ethane/nitrogen/oxygen 

floW of 0.42/0.54/0.088 sccrn. 

Ethylene Selectivity (%) of Ni—Nb—Ta—Zr Oxide 
Mixtures 

1 2 3 4 5 

1 46.0 83.8 84.4 84.0 84.8 83.0 
2 80.4 74.4 83.4 81.1 80.7 83.6 
3 84.8 83.7 77.2 81.8 73.9 81.5 
4 84.4 84.2 79.5 76.6 73.6 79.1 
5 84.7 82.9 73.4 76.6 73.4 79.3 
6 82.7 84.6 73.9 70.2 73.9 76.5 
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TABLE 3D 

Ethane Conversion for the catalysts in TABLE 3A but 
recalcined to 400° C. Test conditions: 300° C. 

30 

TABLE 4A-continued 

Catalyst composition (mole fraction) 
of NiTiZr oxide catalysts and sample mass (mg) 

With ethane nitrogen oxygen flow of 0.42 0.54 0.088 sccm. 5 used in parallel ?xed bed reactor screen. 

Ethane Conversion (%) of Ni—Nb—Ta—Zr Oxide RoW Column 1 2 3 4 5 6 
Mixtures 

2 Ni 0.930 0.913 
1 2 3 4 5 6 Zr 0.070 0.000 

10 Ti 0.000 0.087 
1 6.3 12.2 12.6 12.5 11.9 8.9 mass 52.3 47.6 
2 9.1 10.8 12.2 10.8 11.4 15.1 (mg) 
3 12.2 13.8 10.2 11.9 8.0 11.2 3 Ni 0.862 0.847 0.833 
4 13.2 13.2 11.4 8.8 10.3 10.8 Zr 0.138 0.068 0.000 
5 13.6 13.5 8.6 11.2 9.2 12.2 Ti 0.000 0.085 0.167 
6 14.7 13.4 7.5 6.4 8.0 7.5 15 mass 54.8 50.3 52.3 

(mg) 
4 Ni 0.797 0.784 0.771 0.759 

Zr 0.203 0.133 0.065 0.000 
Ti 0.000 0.083 0.163 0.241 
mass 52.0 54.0 47.4 50.2 

Ethylene Selectivity for the catalysts in TABLE 3A but 20 recalcined to 400° C. Test conditions: 300° C. 5 N1 0'73; 0'72: 0712 0701 0690 

With ethane/nitrogen/oxvgen flow of 0.42/0.54/0.088 sccm. Z? 0'26 0'19 0128 0063 O'OOO 
Ti 0.000 0.081 0.160 0.236 0.310 

Ethylene Selectivity (‘70) of Ni—Nb—Ta—Zr Oxide mass 520 52'9 45'3 46'4 49'6 

Mixtures 6 N1 0.676 0.665 0.654 0.644 0.635 0.625 

1 2 3 4 5 6 25 Zr 0.324 0.255 0.188 0.124 0.061 0.000 
Ti 0.000 0.080 0.157 0.232 0.305 0.375 

1 334 833 854 84_6 860 86_7 mass 53.0 45.2 50.6 47.3 51.8 52.5 

2 78.8 66.2 83.3 81.0 80.9 83.5 (mg) 
3 86.4 84.1 70.6 80.2 72.9 81.1 
4 85.8 84.8 78.6 69.1 69.3 78.5 
5 86.5 83.7 71.9 75.8 69.7 77.0 30 
6 80.4 82.9 72.3 62.9 71.7 74.9 TABLE 4B 

Ethane conversion for catalysts in TABLE 4A. 
Test conditions: 300° C. With 

Example 4 ethane:nitrogen:oxvg_en flow of 0.42:0.54:0.088 sccm. 
35 

ODHE over NiTiZr Oxide Catalysts. (#14332) 1 2 3 4 5 6 

Catalysts Were prepared in small‘ quantities (~100 mg) 1 7_9 
from nickel nitrate ([Ni]=1.0 M), titanium oxalate ([Ti]= 2 15.5 14.9 
0.713 M) and zirconium oxalate ([Zr]=0.36 M) aqueous 3 17-0 16-5 16-6 
stock solutions by precipitation With tetramethylammonium 40 ‘51 iii 2O 6 
hydroxide. The solid materials Were separated from solution ' ' ' ' ' 

. . . 6 12.4 14.9 13.0 13.5 16.1 19.1 
by centrifugation. The supernatant Was decanted and solid 
materials Were dried at 60° C. under a reduced atmosphere. 
Table 4A summarizes the composition and amounts of the 
various catalyst compositions. 45 TABLE 4C 

In a ?rst set of experiments, the dried catalyst composi- _ _ _ 
tions Were calcined to 300° C. in an atmosphere of air With Ethy1°°° s°1°°°V1§y f°r °°ta1ysts m .TABLE 4A‘ 

t ture ro?le_ ram to 300° C at 2° C knin Test conditions: 300 C. With ethane:nitrogen:oxygen 
an Oven empera o p ' p _ ' ' _ flow of 0.42:0.54:0.088 sccm. 

and dWell at 300 C. for 8 hours. The mixed metal oxide 
catalysts (~50 mg) Were screened in the ?xed bed parallel 5O 1 2 3 4 5 6 
reactor. The performance characteristics of these catalysts 1 46 1 
for ethane oxidative dehydrogenation at 300° C. With rela- ' 

. _ . _ _ _ 2 72.9 78.5 

tive ?oWrates of ethane.nitrogen.oxygen of 042.054.0088 3 758 765 819 
sccm are summarized in Table 4B (ethane conversion) and 4 713 788 810 817 
Table 4C (ethylene selectivity). 5 71.0 74.8 72.1 81.2 84.7 

55 6 69.0 71.3 76.8 70.9 77.7 83.2 

TABLE 4A 

Catalyst composition (mole fraction) 
of NiTiZr oxide catalysts and sample mass (mg) Example 5 

used in parallel ?xed bed reactor screen. 60 _ _ _ _ 

ODHE over NiTiCe and NiZrCe Oxide Catalysts. 
RoW Column 1 2 3 4 5 6 (#14841/15158) 

1 Ni 1000 Ni—Ti—Ce and Ni—Zr—Ce oxide catalysts Were pre 
Zr 0.000 - ~ ~ - 

Ti O 000 pared and screened in a manner similar to the catalysts in 

mass 541 65 Examples 1 and 3, using cerium nitrate ([Ce]=1.00 M) 
(mg) aqueous stock solution. Table 5A summarizes the composi 

tion and amounts of the various catalyst compositions. 
























































